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POREWOto 


This report presents the results of a six-months study 
X>erfoiTned by the North American Rockwell (NR) Corporation for the 
NASA Marshall Space Flight Center under Caitract NAS8-2801^. 

The study was managed by the NR-Space Division, who also 
performed the study on processes and equipment and prepared the 
future work plan. Glass experiments were performed by the NR- Science 
Center. The Optical Group of the Peikin-Elmer Corporation performed 
an applications survey under sub-contract to the NR-Space Division. 

The assistance of two consultants is acknowledged. Dr. 

Milton Blander of Argonne National Laboratories (formerly of the 
NR Science Center) provided consultation assistance in connection 
with the experimental work on laser melting. Dr. J. D. Nfc ckenzie 
of U.C.L.A. offered helpful suggestion on the planning of the 
program. 

Special acknowledgement is hereby given to Dr. Emil Deeg 
and Dr. Harold Osterberg, both of the American Optical Corporation. 
Dr. Deeg kindly assisted in the preparation of the section dealing 
with conventional glasses. Dr. Osterberg offered many valuable 
suggestions on optical properties measurements of small spherules 
and also assisted with somt? of the experimental determinations. 
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INTRODUCTION AND SUMMARY 




The combination of circumstances attending melting in space presents the 
possibility of making glasses from substances which to date have been observed 
only in the crystalline condition. The absence of a need for a solid container 
during the melting and superheating portion of the manufacturing cycle permits 
contamination- free melting, the only contact of the melt with its surroundings 
being a gaseous atmosphere or, if so desired, a vacuum. Thus it is possible to 
melt without contamination many high melting point materials that heretofore 
could not be successfully melted because of reaction with the melting crucible 
material. This advantage alone might permit the preparation of new substances as 
glasses if their viscosity is sufficiently high to supress crystal growth on 
cooling. In addition, space melting permits cooling without requiring the use 
of a solid mold. Thus, many of the usual crystal nucleation sites are eliminated. 
Unless a given material can spontaneously nucleate on cooling, and this requires 
that a nucleation energy barrier be surmounted, super-cooling below the normal 
melting point will occur. If a sufficient amount of supercooling is obtained 
(i.e., below the glass transition temperature), crystallization will be avoided 
entirely, and glass will result. The concept of glassmaking in space is 
particularly intriguing for the follov/ing reasons: 

1 . There is a strong x>ossibility that high melting oxides such as 
1*2^3 j Nb20^, Al20^, ^20^, and seme of the rare earth oxides 
can be prepared as glasses in commercially useful sized 
spherical boules through space melting and cooling. 

2 . Glasses produced from such oxides or combinations of them with 
other oxide additions should have optical properties not 
obtainab?.e in the conventional silicate, borute, and phosphate- 
based glasses. 
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3* The combination of optical properties projected for such glasses 
should make them suitable for use in advBnced optical systems. 

ii. The spherical shape of glass boules that vould result naturally 
from space production is quite suitable for the making of lenses 
and windows. 

5 . The production of glass, given a well- engines red space facility, 
should be well within the capabilities of the astronauts after a 
suitable brief training period, the more technically and/or skill 
oriented operations being performed terrestrially before and after 
flight operations. 

6. A well directed research and development program leading to the 
production of useful space glasses should yield much valuable 
scientific information on the nature of glass formation, 
nucleation theory, etc.. 

In addition to "unique" glasses, which may not be preparable in any but a 
zero gravity environment, there are types of conventional or near- conventional 
glasses whose properties might be improved by zero gravity processing. Some 
glasses are subject to stratification because of different conposition (and density) 
zones in the glass solution. Others are subject to microphase separation. Space 
processing may result in significant improvement in the optical properties of £mch 
glasses since stratification should not occur in zero gravity. 

It it. S ’ f,n«d that the process described will ultimately not be limited 
to oxide glasses. Perhaps othei compounds such as carbides, nitrides, and 
chalcogenides will ultimately become producible as glasses by space processing. 

If pure elements such as germanium and silicon could be produced as glasses, 
significant applications might also develop for them. 

To date the space glass program has by choice been confined to oxide glasn^'n 
onlv. Lack of sufficient funds prohibits Investigation of mora than one family 
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of materials simultaneously. It ’s felt that the applications for oxide glasses 
are more readily predictable than for the other materials, and that many of the 
principles that will evolve from a study of oxide glasses permit a more directed 
approach to non-oxide materials in the future. 

The present report presents the results of a six-months study under contract 
NAS8-28014. The report is organizer^ into five major sections entitled: 

1. Potential Applications for Unique Space -Produced Glasses 

2. Glass Experiments 

3 . Process and Equipment Study 

U. "Conventional” Glasses in Zero G 

5 . Future Work Plan 

The first section summarizes the results of a study, performed under sub- 
contract, by the Optical Group of the Perkin-Elmer Corporation and their full 
report is included as an Appendix to this report. 

The second section summarizes experimental work perfomed by the North 
American Rockwell Corporation Science Center under the direction of Dr. Leo Topol. 

A number of new oxide glasses have been prepared by a laser spin-melting technique 
where droplets are ejected frcm a molten mass of appropriate composition. 

Techniques have been developed for measuiring the optical properties of most of the 
new glasses sc produced. 

The third section presents a summary of the results of a preliminary study 
of processing equipment for producing new glasses in a zero gravity environment 
in a manned space laboratory. Induction and laser melting emerge as preferred 
techniques for melting experimental- si zed boules (spheroids) of new glass 
compositions in space. In addition the results of NR's studies on chambers, 
preheating, position control, and cooling are summarized. Sample calculations 
for power required to induction melt typical new glass compositions are presented 
in an appendix. The induction mel-^'.ng of l/2-inch diameter samples of typical 
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new gla3ses appears well within the electrical power capabilities projected for 

scheduled manned laboratories. Cooling rate calculations show that radiation 

/ 

cooling the high melting materials studied results in very short cooling times 
(less than four seconds) for l/2-inch diameters to temperatures where the bcxiles 
may be handled. 

The fourth section delineates areas where zero gravity melting ay prove 
advantageous for improving the quality of some "conventional" glasses. 

The final section presents a future work plan. A master plan is keyed to 
anticipated manned laboratory flight dates. A detailed plan for NASA FY 73 is 
presented in the last part of the section. Major emphasis is placed on a program 
of sounding rocket experiments to produce glass samples of sufficient size to 
assess size effects and to permit accurate property measurements - 
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POTENTI.^ APPLICATIONS FOR UNIQUE SPACE-PRODUCED GLASSES 


An applications study was performed under subcontract by the Perkin-Elmer 
Corporation, Optical Group, Norwalk, Connecticut. Perkin-Elraer 's report. Engineering 
Report No. 10952, dated 15 February, 1972 to the contractor is included in its 
entirety as Appendix I to this report. 

Possible applications for new, .space -produced glasses include: 

Non Imaging Applications 

1. Windows for CO 2 lasers (high transmission at 10.6 microns) 

2. Host materials for 1.06 micron lasers. 

3. Raw materials (emitters) for coatings 
Imaging Appllcpt ion s 

1. Elements for multi-element lenses, especially high numerical 
aperture systems, where new combinations of refractive index and 
dispersion could result in needed improvements in achromatization 
and secondary spectrum corrections. 

a. Microscope objectives 

b. Low light level lenses 

c. Long focal length lenses for reconaissance 
and astronomical systems 

2. Elements for multi -element lenses where high index of refrfc. '>n 
could be used to advantage. 

a. Anastigmatic photographic objectives (to obtain a flat 
field, free of astigmatism) 

b. Aplanats (lenses corrected for spherical aberrations 
and coma) 
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c. Components with better cliaracteri sties because of 
elements with lower curvatures 

(1) Zoom lenses 

(2) Spectrometers 

( 3 ) Monochromators 

(U) Pol rizing microscope components 

(5) High speed, large sized lenses 

d. High numerical aperture systems 

(1) Oil immersion microscope objectives 

(2) Fiber optics bundles 

It should be recognized that too little work has been done to date to permit 
an acourate prediction whether such applicaticais will materialize. Much more infor- 
mation is needed on optical and physical properties of the new glasses and the range of 
properties obtainable in order to pin down specific applications. Nevertheless, it 
would appear that the potential is there and if only a relatively small portion of 
the potential applications area, as outlined by Perkin-Elmer, materializes the ulti- 
mate production of glasses in space will ha-\ j been Justified. 

It should also be noted that most of the potential applicationj described in 
Appendix I are for sophisticated, expensive systems where the relatively high cost 
of space production should not be a deterrent to the use of space -produced glasses. 



GLASS EXPERIMENTS 


Experimental work, performed by personnel of the North American Rockwell 
Corporation Science Center utilized laser melting of spinning rods made by pressing 
and sintering pire or mixed oxides of appropriate proportions. Small droplets were 
spun off from the molten ends of the rods and were allowed to free-fall cool. The 
resultant sphenales were examined microscopically with white light and under a 
polarizing analyzer to determine whether they were glassy, crystalline, or a 
combination. A significant portion of the experimental work was devoted to 
developing techniques for measuring the optical properties of the glassy spherules 
produced. 

CH OICE SYSTEMS 

For the present glass formation studies, various oxides with appropriate 
optical and physical properties have been considered. A list of these are presented 
in Table 1. Among these oxides are Al20^, La202, Ta20^ and Nb20^ all of which have 
yielded glasses with various CaO additions in our previous investigations. Because 
of the success with the above, emphasis was placed on those oxides that are chemically 
related to A.l20:^ ana La20:^. (The remaining group Va oxide, V2O5, unlike NbpO^ and 
Taq05, was not considered due to its low melting point and instability at higher 
temperatures.) Thus, the Al2C^ - related 032©^ (ln20^ ^^as omitted due to its apparent 
volatility) and the ^^^3 “ ^20^ and several rare earth oxides were 

chosen. Since MgO, ZnO, PbO, WO^ and TiC^ in high concentration can be added to 
many glasses, these as well as Zr02 and Hf02 (being in the same group as TIO2) 
were included. Finally, SnO and Big were considered since they are related 
to known glass formers, the former to Si02 and Ge02 and the latter, BlgO^, to arsenic 
and antimony oxides. 

From the above list, the following pure oxides were chosen: Ga20^, 

YgO^, La20^, SmgOp Gd20^, Yb202, Uji2^y TIO2, WO^, MgO and Zn 0. Volatility 
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Table I. Candidate Oxides 


Approx. 


Oxide 

Melting 
Point , 

Boiling 
Point, C 


Relative (1) 
Stability 

Color 

AI2O2 

2070 

2980 

1.76/1.77 

V.S. 

White . . 

Wh-Yel. -V. Volatile^ '' 

Bi203 

830 

1900(7) 

1-9 

S. 

GaoO-j 

1800 

- 

1.9 

V.S. 

Colorless 

Gd203 

2330 

- 

- 

hyg. 

Whilte 

Hf02 

2900 

A/ 5400 ( ? ) 

2.1 

V.S. 

White 

La203 

2310 

4200 

- 

hyg- 

White 

Liu^O^ 

MgO 

- 

- 

- 

? 

Wh. -Colorless 

2850 

3600 

1.7379 

V.S. 

White 

Nb20^ 

1^90 

- 

2.258 

? 

White 

PbO 

886 

1472 

2.6 

s. 

YelrV. Volatile 

SC2O3 

>2405 

- 

- 

? 

White 

S1112O3 

^2350 

- 

- 

? 

Wh.-Yel. 

SnOp 

1630 

1800-1900 

2.0 

s. 

White- Volatile 

Ta20c 

1870 

(Subl.) 

>2200 

2.09 

V.S. 

Colorless 

Ti02 

18^+5 

-02@ 1900 

2. 6/2. 9 

? 

Colorless (rut.) 

WO3 

li.70 

>2200 

- 

? 

Yellow 

Y2O3 

2410 

^^4300 

- 

? 

Colorless-Yel. 

Yb203 

2250 

- 

- 

? 

Colorless 

AnO 

1970 

- 

2.01/2.03 

V.S. 

White 

Zr02 

2690 

.V 4300 

2.13-2.20 

V.S. 

White 

( 1 ) V.S. 

S. 

hyg. 

= very stable 
= stable 
= hygroscopic 





(2) V = very 
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considerations eliminated PbO, ^^2^3 SnO^, while repetition of previews runs, 
performed prior to the awarding of the present contract, with Al^O^, ZrO^, HfO^, 

Ta20^ was not deemed worthwhile at present. Since no optical measure- 
ments were made on the glasses produced from La20^ due to its hygroscopicity, 
this system was repeated. From our experience and knowledge of glass formation, 
the simple oxides most likely to be successful are those like 1820^. binary 
con^xjsitions of the spinel Mg0*Al202 as well as each of the following with 10 and 
20 wt % CaO were also prepared: Ga202, ^2*^3* 2m203, Gd203 and LU2O3. In 

addition, some rods of ^2^3 *^^2*^5 replaced by BaO and Ta205 + 

10 % ZnO composition were also tested. The BaO and ZnO ceramics should yield higher 
refractive index glasses than the corresponding CaO ones. The above binary com- 
positions were chosen for their potential as glass formers as well as their possible 
optical properties. 

EXPERIMENTAL 

A 250 watt continuous wave CO2 laser (Model Ul , Coherent Radiation Laboratories, 
Palo Alto, Calif.) operating at 10.6 microiiS was lised as the heat source. ITie beam 
was focused downward with gallium arsenide lenses of 6.35 cm or 12.7 cm focal length 
onto the end of the specimen in the form of a rod. Since the laser unit utilizes 
a gas jet to protect its lens from impinging objects, the flow of gas (oxygen in 
our runs) had to be minimized. 'Hie ceramic rods were about 3 mm in diameter and 
were hot pressed from uniformly blended mixtxires of high purity chosen oxide com- 
positions by the Haselden Co., San Jose, Calif. 

The technique employed to produce glass spherules was to place the ceramic 
rods in a high-speed drill and rotate them at a known speed of 8,000 to 30,000 rpm. 
The face and tip of the spinning rod were then introduced into the lasrr beam and 
molten droplets were spun off. These varied in size from about 100 um to 800 um 
depending on the material, the speed of rotation and the laser beam power density. 
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With the 6.35 cm lens a beam power of 25O-3OO watts and spin speed of 20,000 ri»n 
usiially gave an optimum yield. With the 12.7 cm lens the beeun power could be reduced 
to 200 watts. The spherules vere caught in a large funnel-shaped aluminum foil 
hopper and collected in a stainless steel tray. (See Figure l) . The spherules 
were then transferred into small plastic boxes and were examined microscopically 
to determine the optimua parameters. . 

Figure 2 show, ^he c.etails of the laser beam focusing head and the variable 
speed drill motor with the ceramic rod about to be introduced into the beam path. 
Figure 3 is a time exposure showing a ceramic rod (MgO - Si02) in the process of 
being spun under the lajer beam at about 10,000 rpm. The traces of the ejected 
molten droplets are clearly visible. 

Mixtures tested in this study were composed of 80, 90 and 100 wt ^Sm^O^; 

So, 90 and 100^ °^2°3" ^2^3" ^ ^2^3* 

LapO- with the other component in each case being CaO; Yb 0 ; 90^ Yb 0 ; 80 and 90^ 

2323 

TSpO^ with the remainder in these systems being BaO; 90^ *^2^5 ^ ^tiO; ZnO; 


MgO; MgO'AlpO,; and TiOp. 

These spherules which were clear and smooth were immersed in liquid of 
appropriate refractive index and checked by microscopic examination with polar- 
ized light and crossed nicols. This procedure distinguishes glass from all 
crystalline materials except those of cubic structure. The index of refraction, 
n, and the dispersion, dn/dA, of the glassy spherules were then determined. For 
indices of refraction less than 2.0, standard immersion liquids and the central 
as well as oblique illumination methods were utilized. It should be pointed out 
that since the specimens were spheres, the apparent Becke line at the specimen- 
liquid interface proved to be misleading by the central illumination technique. 
Instead, the increase or decrease of the light interior area of the sphere or. 
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conversely, the decrease or Increase of the dark "border at the circumference of the 
sphere as the distance between the specimen and microscope lens is increased 
showed that the liquid or sphere, respectively, had the higher refractive index. 

With the oblique illumination method the results were straightforward. Here, as 
an opaque stop is gradually inserted into the optical light path, the shadow will 
fall on the edge of the object on the same side as the approaching stop if the 
object has a higher refractive index than the immersion liquid and vice versa. 

Indices were measured at 589 » 656 and kS6 mu with the aid of interference filters 
and a Zeiss microrefractometer . The microrefractometer was used to measure the 
indices of the liquids after the latter had been matched with a glass sample at 
a specific wavelength. Since the microrefractometer has an upper measuring limit 
of 2.00 and also since the immersion liquids commercially available in the range 
2.00-2.11 only give the index value at 589niu, other techniques had to be employed 
to measure indices at the other wavelengths as well as for higher values, i.e., n 
greater than 2 . 11 . For glasses with n> 2 . 00 , solid immersion media and micro- 
scopic measurement of the displacement of the image, e.g., the deChaulnes method, were 
also utilized. The latter method involves measuring the true thickness and the 
apparent or optical thickness of the sample; the ratio of the two yields n. The 
thicknesses were measured with an indicator gauge mounted on the microscope and 

in contract with the movable stage. The gauge has a travel distsoice of about 1.25 cm 

-4 / ~4 » 

aind is marked off in 1 x 10 in. (2.5 x 10 cm) units but can be read to about 

+ 5 X 10 "^ cm. To facilitate matters, the spherules had two parallel flats polished 

on them and a scratched platinum-coated slide served as a focusing target For 

1 

solid immersion media, S-Se melts "’or the range of n=2.0-2.5 as well as pressed 


* As suggested by Dr. H. Osterberg of the American Optical Company 
( 1 ) H. E. Merwln and E. S. Larsen, Amer. J. Sci. 24> 42 (1912) 



solid solution pellets of AgCl + AgBr for of 2.06-2.25 were employed. The n 
values for several AgCl-AgBr compositions were determined by the deChaulnee method. 
When the silver halides were used, thin discs were machined frcro single crystal 
boules prepared by the Bridgman-Stockbarger technique. The spherule was then 
pressed into the halide pellet in a 6.35 mm I.D. pressure die and viewed with the 
spherule-air side downward immersed in a high index liquid. The liquid served 
to minimize the high contrast at the sphere-air interface and maximized light 
transmission through the medium. However, a set of standard solids, covering the 
range 2.12-2.30 for n^^ was recently purchased from R. P. Gargille Laboratories, Inc. 
(Cedar Grove, N. J. ), and all the n^j values reported are based on these Alth<.:u^^.h 
the above procedures for n> 2.0 are cumberscme and tedious, other possible tech- 
niques appear to have equal disadvantages. Some of these other candidate methods 

2 

that have also been considered are: (l) the use of transmission measurements , ( 2 ) 

the use of diffuse reflectance^ from a large number of spheres, ( 3 ) transmission 

4 5 

interference microscopy with polarized light , (4) the "rainbow" technique , where 
dispersion is measured directly by breaking white light into its components, analagous 
to the similar case with raindrops, and ( 5 ) the use of a high index refractometer 

( 2 ) K. Kapadopoulos, C. C. Chen, and G. J. Su, Physics Chem. Glasses 

18 (1970). 

( 3 ) E. L. Simmons, Optica Acta 59 (l97l); and N. T. Melamed, Appl. Phys. 

560 ( 1963 ). 

(4) H. Piller, Sonderdruck Zeiss -Metteilungen 2, 309 , ( 1962 ) 

( 5 ) A. Walther "Optical Applications of Solid Glass Spheres" - Thesis, 

University of Delft, Holland (l959) - Published by Diffraction Limited, 

Inc., Bedford, Mass. 

( 6 ) A. H. Pfund, J. Opt. Soc. Am. 966 (1949); H. Haacke and J. Hartmann, 

Optik 11, 380 ( 1954 ). 
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The first procedure would require the measurement of light corrected for 
absorption -chrough a parallel- sidad specimen. This would require the use of several 
5 >herules with polished parallel flat faces of various thickness and a method of 
accura'^ely (to + 0.5^) measuring the transmission. For values of n » 2.0 the error 
would be + 0,015 in tlie index value. In the second procedure, diffuse reflectance, 
a large number of uniform spheres must be available and the average diameter as 
well as absorption coefficient must be known. The errors in the measurements as 
well as in the assumptions involved in the derivation are greater than 1^ (or 
+0.02 in n). The third procedure Involves the immersion of the sample in a medium 
of known index and measuring the phase changes in the polEirlzed li^t transmitted. 
However, it is not clear how the procedure works since only the phase change (up to 
2ir) can be meas\ired and not the Integral number of changes, l.e., rntr . In the 
eqxiations given in the reference, the latter quantity, m, was not considered and 
it appears that the procedure is extremely limited in use, i.e., for samples of 
thickness of the order of the wavelength of light or for immersion media or n very 
similar to that of the sample. The "rainbow" procedure was attempted using individual 
glass spherules and a laser source. Results were unsat isf act oxy, however, presumably 
due to surface irregularities and the small size of the spherules. Lastly, the Pfund 
refractometer involves the use of a hemisphere of high known refractive material in 
optical contact with an unknown sample and measuring the angle where Newton's rings 
disappear at the contact interface. For hemisphere material, rxtlle (TlOg) or SrTiO^ 
can be used. This method should produce the most accurate data but as with the other 
procedures above, it would involve a long induction period to set up emd perfect. 
RESULTS AND DISCUSSION 

Approxlmacely a hundred spherules of each of the compositions tested were 
collected. A large variety of samples were obtained ranging from those which were 
obviously crystalline to clear, smooth spherules. The clear, spherical (or ellipsoidal 
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in one system), smooth-surfaced specimens were invariably glass (except for some 
of the pure lanthanide oxides). 

Clear spherules with a fairly smooth surface having some irregularities generally 
had a glass interior and a crystalline surface. Trou.slucent spherules were, 
generally, very finely crystalline and resembled a finely devitrified glass in 
the microscope. Specimens which had non-spherical , irregular or lumpy sui faces 
were generally crystalline. 

Some glass spheres were produced with about 2/3 of the compositions tried and 
with many compositions more than 10^ of the spherules were glass. 

Figures k -6 show three of the compositions whi yielued large fractions of 
glass, ^ 2^3 08 i 2^2 ^ CaG, The lines in the plates eu*e l/ 6 k*' ( 0 . 1 +mm) 

apart. With the Yb202 and Y20-jsome hemispheres are present, apparently caused by 
splitting of the spheres due to high stress present during the glass formation. 

With the 0820^ + CaO mixture some ellipsoided glass forms are present. The textures 
of the spherules range from clear, smooth glass to milky translucent microcrystalline, 
to opaque white, fine-graiined crystalline to relatively coarse-grained, translucent 
crystalline lumpy spheres. The ^820^ - based glasses arc seen to contain niunerous 
bubbles (see Figure 3 ). 

Table II lists the compositions studied and summarizes the experiment h.?. results. 
The lanthanide oxides formed light brown to orange to colorless spherules and it 
is not known f impurities or suboxide formation is the cause of the color. Further, 
the La202, Sn^O^ and Gd202 spnerules between crossed nicols showed a great deal of 
micro crystalline phases to be present as indicated in the table. The Le^O-^ spheniles 
deteriorated to a powder in a frew days in air or in two weeks in a desiccator. 

X-ray analysis of the white powder showed the presence of hydroxide. Another 
interesting point with the lanthanide oxides is that the glass yield decreased as 
CaO was added in contrast to the effect with virtually all the other oxides where 
glass-forming ability is poor but increases with added CaO. 
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Table II 


Results of Laser Melting Experiments 


Major Constituent 

io CaO 

Rating* 

Specific Observations 


- 

++ 

0 - 10 ^ yield; brown to colorless; devitri- 
fied in 2 weeks in desiccator. 


10 

+ 

0 - 1 ^ yield; brown to colorless; micro- 
crystalline phases. 

Yb203 

- 

+++ 

50-95?^; colorless, pale brown; pure glass 
predominates; some hemispheres present. 

SiigO^ 

- 

+-»-+ 

50-80^, if small; color variable; micro- 
crystalline phases. 

an203 

10 

++ 

0-105^; fair quality; color variable; 
microcrystalline phases. 

an203 

20 


0 - 1 ^; fair quality; microcrystalline 
phases. 

Gd^O^ 


+++ 

50-90^; tend to be clearer than 
variable color; sane microcrystalline 
phase: . 


10 


O-lOjt; fair quality; microcrystalline 
phases. 

Gd203 

20 

+ 

0 - 2 ^; fair quality; microcrystalline 
phases. 

MgO 

- 

0 


Ga^O^ 

- 

++ 

0 - 2 ^t; few good glass; possible micro- 
crystalline material in the glass; some 
fair quality spheres. 


10 

+ 

0 - 1 ^; a few are pure glass; most micro- 
crystaDJLine phases. 

Ca203 

20 


20 - 70 ^; some pure glass; some elliptical. 

Y2O3 

- 

+++ 

20-100^6; many pure glass; striated surface 
hemispheres; some pale brown. 


10 

+ 4 -»- 

10-50^; some pure glass; most fair with 
microcrystalline phases. 

Y2O3 

20 

> 

0-10^; few are good; most fair. 


10 BaO 

+ ? 

Few ( < 1^) fair glass; microcrystalline 
phases . 



Table II. Remilts of Laser Melting Experiments (Continued) 


Major Constituent 

i CaO 

Rating 

Specific Observations 


TagO, 

10 ZnO 

0 

Perhaps trace of fair quality glass. 


ZnO 

- 

0 ? 

Perhaps a trace of glass In spheres, 
but of poor quality; volatile. 


W03 

- 

0 

Volatile. 


TlOg 

- 

0 



TsgO^ 

10 ^ BaO 

0 

Perhaps trace of glass. 


TagOj 

20 ji> BaO 

0 




* -♦-++ Glass > 10 percent of total 
-»•+ 10 percent > glass > 1 percent 

+ 1 percent > glass > 0 percent 

0 No glass observed 
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For the other systems the substitution of BaO for CaO with Y 0 and 0 , 

^ u 2 ^ 

two good glass-forming oxides, and also of ZnO with ^2^5 yielded no glass. 
Specificity or ionic size may be important here. The volatility of ZnO and WO 

3 

makes their use as glass formers under the present conditions very difficult. 
Mixing these with CaO may abet glass formation. The Ti02 yielded mainly dark 
opaque material but also some light matter. This suggests that different valence 
states of Ti are present. Note that Ti02 starts losing oxygen above its melting 
point . 


The optical properties in the visible of all the glasses measured in this 
study are reported in Table III. Thus, several of the glasses prepared previously 
are also ir luded. The optical properties determined consist of the index of re- 
fraction at 589mu, Uq, and the Abbe number u’, an inverse measure of the dispersion 

n -1 


v) = D 

"U86 '“656 


The 


precision of the n^ values is + O.OO3 for n^j ^ I.80 and + ,0.01 for njj>1.80. 


In two Ta20^ + 20^ CaO samples the Abbe numbers were determined by using both 
liquid immersion media and the deChaulnes method. In one case a sphere was used 
and in the other a specimen with two plane parallel faces polished on it. For a 
sphere of index n immersed in a liquid of index n^ the index is given by 

n = 2 n - d/a 
o ' 


where d = diameter of the sphere 
a = apparent diameter 
and n>n^. 

For planar ob,1ects 
n = d/a 

and is independent of the immersion liquid used, if any. T^lc agreement between 
the \) values for the Ta20^ - CaO is good especially since the sphere is much 
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Table I I I 


INDEX OF REFRACTION AND DISPERSION OF OXIDE GLASSES 



O 

>- 

1.920 

20 


+ \ 0 % CaO 

1.920 (7) 



+ 20% CaO 

1.920 (7) 



Y20^ + 10% BaO 

1.920 (7) 



La-0, 

2.2 + 0.1 



2 3 




La^Oj + 10% CaO 

> 2.1 



Sm^O^ 

2. 12 




2 . 0 k 



Gd^Oj 

2.09 



Gd^O^ + 10% CaO 

2.07 



-< 

cr 

ro 

o 

1.938 

25 


Ga203 

1.91 

25 


Ga^O^ + 10% CaO 

1.852 

25 


Ga^O^ + 20% CaO 

I.79A 

25 


Al^Oj + 5% SIO^ 

1.728 

33 


Al^O^ + 10% SIO^ 

1.720 

36 


Al20^ + 15% Si02 

1.63^ 

kS 


Al20^ + 20% SIO2 

1.629 

39 


AUO- + 10% CaO 

1 .650 

50 


+ 20% CaO 

1.6i|2 

38 


AI2O2 + 10% SIO2 + 10% CaO 

1 .632 

37 


Ta20^ + 10% CaO 

2.11 



Ta20^ + 20% CaO (sphere) 

1.95 

20 

17 

Ta20^ + 20% CaO (planar) 

1.95 

30 

25 


(1) Percentages are Weight Percent 


I 




2h 




Table III. INOEX OF REFRACTION AND DISPERSION OF OXIDE GLASSES (Continued) 


Compos 1 1 ion 


TTT 


Abbe 
L i qu id 


Number 

Micros . 


Nb^O^ + ] 5 ^ CaO 2.19 

. Nb„0^ + 20^ CoO 2.13 

Nb^O^ + SiO^ 2.19 

Nb 0. + 10% CaO + 5% SiO 2.18 

z ^ z 

Nb^O^ + 10% CaO + 10% SiO^ 2.16 


(1) Percentages are Weight Percent 
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more difficult to measure due to spherical aberration, etc. 


The identical n-^ values for the different systems gives cause for suspicion. 
It suggests that the glass spherules are all pure or virtually pure The 

systems vith the highest indices of refraction are the ^2^3* latter 

was uniquely difficult to measure for some reason but appears to be in the range 

2.2 + 0 . 1 . 

The index of refraction is given by the CLausius-Mossottl and Lorenz -Lorentz 

7 

(C-M,L-L) relations 


2 1 
n -1 




n^+2 3 V 

m 

where H is Avogardo's number 

p = polarisability (electronic) 
and =» molar volume of the oxide « M/p. 

In the above equation the atomic polarizability has been ignored. From this 

relation with the measured cr extrapolated (for ^IgO , Nb^O and indices 

6 

and the known densities of the crystalline oxides, values of p can be calculated. 

Since p is proportional to the cube of the radius of the molecule MO it may be level wit 

a 

ccmipared with the values^ (ar^ + q) where r and r are the crystal radii® of 

-8 ^ 

the cation M and oxide ion, 1.32 x 10 cm, respectively. These daca are given in 

Table IV and suggest that the polarizabilities of the oxide ion in the Al^O^ and 

Ga^O^ systems are much less than in the others. Further, according to the C-M, L-L 

relation the trend in refractive index should be given by (ar® + br ®)/V • However, 

M m 

tabulation of these values does not show any meaningful correspondence with the 
measured refractive indices. Actually, the trend in n for oxides of cations of 


(T) See W. J, Moore, Physical Chemistry, Prentice-Hall, Inc., I 962 

( 8 ) Handbook of Chemistry and Physics, The Chemical Rubber Co., Cleveland, 
Ohio, 1968 
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similar groups appears to be most predictable from the cation radius alone. 

More data are required before any validity in a trend between n and can be 
firmly established for different subgroups and families of metals. 

The results of these experiments show that ^2©^, pure or with 10 wt ^ 

CaO, Ga.O + 20 ^ CaO and pure Yb 0 are good glass formers with the laser melting 

23 23 

procedure eoid should be considered as candidates for future experiments in space. 
From these results, it would appear that pure "^^ 2^3 ^ 

tested, should also fall in this category. 


SUMMARY 

In addition to theLs202 and Ts205 - and Nb2C5- based systems, which yielded 
glasses in the previously performed NR-funded program, it has been demonstrated 
in the present study that glasses can be obtained from pure Y2O3, 811^03, Gd203, 
Yb20~ and con5>08itions rich in GagO^. 

Techniques for measuring the index of refraction and Abbe numbers of the 
small spheriles produced by the laser spin-melting technique. Time did not permit 
Abbe number measurements on all of the glasses produced on this program, however. 
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PROCESS AND EQUIPMENT STUDY 


Approximately 7^ of the contract effort was devoted to a process 
and equipment study leading to a pointing of the my for future studies 
in connection with .nanned orbital missions. During this study an attempt 
was made to comply with the theoretical requirements for optimum 
melting of unique oxide glasses in space. These "requi r“.r.cnts"as presently 
foreseen are listed below. 

1) Starting material must be oxides of the highest purity obtainable. 

2) Because of the difficulty of removing bubbles in zero gravity, volatile 
content of the starting rods or slugs must be as low as possible. In 
addition to starting with pure oxides only (rather than the oxides, fluorides, 
nitrates, carbonates, etc. used in conventional glass manufacture) the 
starting material in the form of pressed and sintered slugs or reds must be 
vacuum outgassed and then stored so as to prevent re-introduction of gas. 

3 ) In order to achieve rapid cooling rates using radiation cooli.ig, melting 
temperatures should be as high as possible. In order to prevent foraatloii 
of bubbles during melting, boiling points of all constituents should also 

be as high as possible. 

U) While many of the oxides being considered are quite stable and 
theoretically can be melted in vacuum or in an inert atmosphere, others 
are relatively unstable and/or can fom suboxides or can contain less than 
stoichiometric aitounts of oxygen, for example TIO 2 which, unless melted 
under oxidizing co. 1:.^ ' ..v ‘ ill contain less than stoichiometric amount of 
oxygen. This leads t^< the rormation of color centers and loss of 
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transparency in a glass formed from a caaposltlon of high TIO 2 content. 

While it might he possible to restore oxygen by heat treating tne glass 
in oxygen, there is a strong risk that devitrification temperatures and 
temperatures where diffusion rates are adequate might be incompatible. 
Therefore, space melting equipment, if it is to be capable of handling 
the entire range of oxide optical glasses with potentially attractive 
properties, should be so designed as to permit melting under en air or pre- 
ferably pure oxygen atmosphere. The writer knows of no superoxides 
containing more than stoichiometric amounts of oxygen, so that there 
appears to be little risk of damaging glasses with an exctss of oxygen. 

A possible exception to this is where the desired glass is of a sub-oxide 
composition, for example silicon monoxide, SiO. In such a case, carefUl 
consideration would have to be given to maintaining a stoichiometric oxygen 
content. To date, such sub-oxide glasses have not been seriously considered. 

5) In order to destroy residual crystalline nuclei that might remain in the 
molten oxide, the melt shoi.ld be superheated at least 200C above its melting 
point. It would, of course, be preferable to be able to do this with 
nothing but the surrounding atmosphere in contact with the molten spheroid, 
to preclude the possibility of spalling of crystalline fragments into the 
melt. For this reason, direct resi.'tance melting*was eliminated from the 
present study even though it is attractive from many points of view and 
undoubtably could be used for the better glass foming compositions. 

6) The equipment should be so designed as to be capable of preventing 
contact of the molten or cooling spheroid with solid surfaces until the 


* For further discussion of resistance melting for sounding rocket 
experiments, see section entitled, "RTIURE WORK PLAN". 
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glass transition temperature has been reached on cooling. More will be said 
about position control later. 

7 ) Finally, in order to prevent cracking or unacceptably high residual stress, 

it might be necessary to retard cooling, especially in the case of glasses with high 

eApariSion coefficients. Tho e^uipaent should be capable of proviuia,^ slowcr-Uian- 

majdmvim cooling rates in the glass spheroid. 

In the present study, seven basic melting methods wei'e consldened as 

follows: l) Induction, 2 ) laser, 3) electrical resistance furnace, U) 

electron beam, S) direct solar heating (solar furnace), 6 ) chemical, such as 

gas flames and reactions and 7) electric arcs. Each of the seven methods will 

be discussed separately. Since early in this study induction and laser 

appeared to be the preferred methods for experimental melting, more effort 

was expended on them than on the others. 

Sc»ne thought also was given to chamber design, pre-heating (for induction 

and possibly for electron beam melting), cooling, and position control. 

Subsequent sections will discuss these. 

The basic process visualized for pre-flight and post-flight (ground) 

operations is summarized in Figui'e T- 
BASIC MELTING METHODS 

Ind.uction 

Induction melting appears to be an almost ideal method for containerless 
melting of glass in space. The method is safe and clean; is not significantly 
affected by the atmosphere (the coils are fluid cooled); can produce tempera- 
tures in the required range; and there is no physical contact with the object 
being heated. The process has been extensively used (but not for glass 
melting) and a high viegrec of stat.e-of-the-art has been achlcveii . Only a 
moderate amount of sKill is required to operate induction unii-s once the 
set-up i.-is been worked out. Ajiother possible advantage is that positioning 
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control might he achievable using an orthagonal or other suitable coil 
arrangement, although this has not been demonstrated to dnU'. 

In order for induction to work for glasses in suace the glasses must 
be somewhat conductive. In Figure 3 are plotted the electrical resistlvlf.y 
vs. temperature for a number of oxides similar to those being considered 
for unique glasses. The graphites, with resistivities of about 10“3 ohm- cm. 
are commonly used as induction susceptors. Zr 02 with a resistivity in the 
10“^ to 10 ohra-cn. range is also known to be a satisfactory susceptor. It 
would appear, then, that all of the oxides in Figure 8, with the possible 
exception of Al20-^ and possibly MgO, will have resistivities at elevated 
temperatures such that they should be satisfactory induction susceptors. 

Of course, it u'ill be necessary to preheat them, and this will be treated 
in a later section. Preheating will be required for induction, direct 
resistance melting, and possibly for electron beam melting (to provide a 
ground or return circuit). Of course, experimental work will have to be done 
to confirm that the specific compositions to be consiaered for preparing 
glasses in space are satisfactory susceptors. Probably those that are not 
c€ui be rendered sufficiently conducting for induction melting by doping them 
with small quantities of oxide addition agents that, hopefully, will not 
significantly affect their usefulness as glass. 

One imfortunate shortcoming of induction is electrical efficiency. 

Typical coil coupling efficiencies are about ZQfjo and efficiencies in induction 
generators are in the 60 to 80 ^ range. Thus efficiencies as low as (.60 
X .20 X lOO) can be expected. In view of the weight pi*oblems with flight 
vehicles such low efficiencies are a pity. However competing process appear 
no better. Since the lion’s share of the heating energy required serves to 
overcome radiation losses, considerable improvement in electrical consumption 
can be achieved by reflecting radiated energy back into the melt. Figures 9 


.m 
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through 13 (borrowed from a NR/sD briefing to MSFC in 19T0) show a concept 
for a space induction melting unit. Tlie low efficiency of this process does 
not eliminate it from use. Should che power requirement for the experiment 
be well within that available in the space laboratory, then no serious problem 
exists. The use of a spherical reflector, for example, as shown in Figures 
10 and 11 would reduce the power required to about one- third of that required 
with no reflector. Figures 10 and 11 show the use of a reflector in the 
melting and cooling cycles in association with induction coils. Figure 12 shows 
a schematic sketch of the over-all system visualized. Figure 13 shows 
schematically a system that would be required to cool the coils. Figure lU 
shows the effect of the coil coupling efficiency on the power required to 
melt a one-h.lf inch diameter sphere of alumina with and without a refJjector. 

The use of a reflector does add some problems. First, it adds to the 
mechanical complexity of the system since it must be removed during the 
cooling cycle. It also significantly reduces visual observation of the melting. 

It will also need to be carefully designed so as not to "steal" power from the 
induction coils. While none of these problems are insurmountable they do 
exist and must be mentioned. 

Figure 15 summarizes what is presently visualized as the steps required 
to induction melt in space. The reader is re-referred to Figure 7 for a 
summary of steps to be performed on the ground. 

Reference is made to Appendix II for a discussion of ixjwer requirement 
calculations for induction melting and the power calculated to be required 
for melting typical unique glass compositions which have shown promise in our 
laser melting experiments, ft must be borne in mind that the calculations 
are based on data which, in many cases was assumed. Therefore the numbers 
calculated are not to be taken as precise. 
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Lr3se 


The CO^ laser has already proved Itself adnfirably for melting oxides. 

C. 

All of the work done to date on making small spherules of unusual glasses 
has utilized a continuous CO2 laser as the heat source. Heat transfer from 
the team operating in the infrared at ±0.6 microns, and the oxide material 
appears to be v-e^y eificienc. No difficulty has been experienced in melting 
and superheating the many compositions melted to date. 

The CO2 cortinuoys laser is a clean power source, can be operated in any 
foreseeable atmosphere, and does not require any return circuit, since heat 
transfer is optical — not electrical. It therefore appears to meet all of the 
requirements as set forth earlier in this section. A further advantage of 
the laser as compared with induction is that preheating is not required, the 
luser working very well from room temperature through melting and superheating. 
Figure I6 shows ^osf.ible flow diagram for laser melting in space. By 
heating the free end of f. rod held in a mechanical feeding device, a large 
molten pool could be developed on the end of the rod in a "zero" gravity field. 
Since the hot end of the rob would become electrics Lly con^ ting, as discussed 
earlier, the molten pool, after separation frv^m the solid portion of the rod, 
ccnld be held in place with an electromagnetic positioning device. Such a 
device would serve tbe purpose of centering the melt to overccmie small G forces 
introducto by astronaut motions, orbital eccentricities, etc. It may be 
anticipated that the small propulsion effect of the laser beam would be easily 
counteracted by such a positioning device. 

The laser shares a disadvantage with induction in that conversjon efficiency 
?.s relptix'ely low, less than 20^ of the electrical energy fed into the unit 
being conver;.ea to heat in the beam. The remaining electr ■'al energy generates 
heat in the power conversion equi-imient and in the CO2 gas and must be removed 
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by use of a cooling fluid. Thus a cooling system would be required similar 
to that shown schematically in Figure 13 for an induction set-up. In the 
laser case, the cooling coil^ would extract heat from the power converter 
and would also surround the CO 2 - containing tubes in the laser unit and would 
replace the induction coil shown in Figure 13- 

An intriguing possibility for the laser appears worthy of further 
study. An unfocussed laser beam is well collimated parallel light. This 
suggests the possibility of placing the laser beam generating equipment on 
the ground, possibly on a mountain top, and directing the unfocussed beam 
by means of a tracking mirror to the orbiting space station. A mirror aboard 
the station could receive the beam and direct it into the work area through 
an infra red -transparent window in the wall of the space station. Inside 
the station the beam could be run through focussing optics and used for 
melting the material. Attenuations of the beam through the atmosphere should 
be slight, the principal losses being scattering and beam divergence. Beam 
wiggling caused by atmospheric turbulence would possibly be a serloua problem 
when the station was near the horizon. Even so, duty cycles of 15 minutc.T to 
1/2 hour are foreseeable and would be adequate for the type of operations 
visualized . 

Such an arrangement would require extremely accurate pointing and 
tracking and further study would be required in this area to detemlne 
feasibility. If such an arrangement can be worked out, weight savings should 
be very large. The only weight aboard the space station would be in the 
receiving and focussing optics and possibly in monitoring support equipment. 
The heavy transformers and cooling system would be located on the ground where 
electrical power is also not at a very great premium. 



Resistance Furnace 


The electrical resistance furnace does appear at this writing to 
be a serious contender for melting oxides of interest. The principal problem 
is that the highest temperature resistance heating elements have maximum 
working temperatures that are far too low for most of the materials of interest. 
Silicon carbide and tungsten both have useful working temperatures below I9OOC. 
In the case of tungsten an inert furnace atmosphere would have to be used. 
Resistance furnaces are logical for preheating and more will be said about 
them in a later portion of this section. 

Electron Beam 

It would appear that the electron beam could be developeJ into a useful 
power source. Problems that would have to be overcome include provision for 
adequate return circuits, possibly by providing targets behind the sample; 
and provision for an atmosphere. There appears to be serious question about 
the interaction of an electron beam with an electronagnetic positioning 
device. It would api)ear at this writing that, while none of the major 
problems foreseen are unsolvable, there is little incentive for developing 
electron beam equipment for glass melting - both laser and induction appear 
to pose less problems. 

Solar 

The use of a solar concentrator for direct melting was discussed in a 
talk given by the principal investigator at MSFC (l). Such a method appears 
to hr'*'^e considerable merit, especially when considering the melting of very 
large glass spheres, where electrical power generation in space in sufficient 
quantity may be a serious problem. 


(1) Happe, R. A. "Possibilities for Producing New Glasses in Space" 
ME-69-I, October, 196 ''- 
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The use of a solar furnace in connection with experiments aboard a 
manned space laboratory does not appear feasible unless there is a willingness 
to orient the whole laboratory with the sun. If this could be done, an 
optical system could be devised to collect the concentrated solar energy and 
direct it into the work area. It might be possible to devise a system where 
the solar furnace only would point to the sun with an optical system to track 
the beam with respect to the laboratory and direct it into the work area. 
Another possibility would consist of a movable tracking mirror on the sun 
side of the solar concentrator. This latter would appear to be a bit simpler 
than the previous possibility. It was deemed outside of the scope of the 
present study to delve into detail but it would apx>ear on the surface that all 
of them are pretty hairy. Until it can be established that a solar beam is 
capable of superheating a molten oxide pool, there appears to be little 
incentive for attempting to cope with the other problems. There is 
considerable question as to whether the molten glass would become ti’ansparent 
to the visible, solar energy with the result that once melting bad been 
achieved there would be little or no energy transfer to the melt. Perhaps 
some simple experiments can be run in connection with other methods of 
heating during flight experiments to resolve this quest! '>n. It should be 
I>ossible to measure transmission by beaming simlight through a molten sphere 
suspended in space provided the energy being given off by the hot sphere and 
the sunlight can be adequately separated. 

Chemical 

Flame heating must be considered low on the list of possible heating 
methods principally because of potential difficulty with contaminating the 
melt through reaction with combustion products. Disposal of voluminous 
combup’.ion products does not appear to be a very simple matter ^>ither. 
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Thermit reactions share the disadvantage of gas flames In that the 
melt could he contaminated by combustion products, which would also hove to 
be removed. Difficulty of controlling such reactions, both from an operational 
and from a safety standpoint discourage their serious consideration at this 
time. 

Arc 

Electrical arcs appear to be candidates for melting oxides although 
there is a possibility that heat transfer may be a problem for similar reasons 
that the use of solar energy is in question. All in all their use does not 
appear to be so attractive as laser and induction. 

CHAMBER S 

Design of the chamber and associated hardware configuration will have to 
consider the work area size, material selection and design criteria, experiment 
visibility, access: ility, experiment requirements, and tie-in requirements 
of power, gas, etc. Analogous considerations include the reuse criteria, i.e., 
will the chamber b ecome contaminated during one melting operation to adversely 
affect a second experiment and if so, what car be done to clean the chamber? 
While it is almost a foregone conclusion that the chamber will have to be 
externally cooled, the actual degree of cooling may be process oriented. More 
specifically, if internal reflectors are needed to increase the efficiency of 
the heating zone, tnen a reduced cooling capacity may be required. On the 
other hand, if the walls of the chamber or supplemental internal fins (oi 
flaps) are required to aid in cooling the sui>erheated material to allow a 
reasonable cooling time or provide a minimum cooling rate for the formation 
of a glass, then an increase in cooling capacity would be needed. 


V 
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PREHEATING 


Seme of the basic heating methods require preheating the materials 
in order to render them electrically conductive. Preheating appears to be 
essential for induction melting of oxides, since they are dielectrics at 
room temperature. In the event resistance heating develops as a preferred 
heating method for manned laboratory use based on sounding rocket experiments, 
preheating would also be required. 

The preheating temperatures required, in the range 1100 to 180 OC, 
appear within current state-of-the-art for electrical resistance furnaces. 

At the lower end of the range nichrorne and kanthal wound furnaces can be used. 
In the intermediate portion of the range, platinum wound furnaces or furnaces 
with silicon carbide (globar) elements can be ’ ^ed. For the upper part of 
the range molybdenum or tungsten wound furnaces can be employed. In such a 
case a protective atmosphere must be used because of uhe high oxidation rate 
of the refractory metals. The use of an atmosphere that is not optimum for 
the material being melted does not appear to pose a serious problem. The 
protective atmosphere can be quickly removed from the chamber utilizing the 
space vacuum and an oxidizing atmosphere quickly substituted after the 
preheater elements have cooled (a matter of seconds in a suitably designed 
furnace). The flow diagram of Figure 15 shows how this might be accomplished. 
POSITION CONTROI , 

'T" basic reason for pe^ Torming a glass melting experiment in space is 
to obtain a condition where a material can be melted without a container. 

In order to produce a unique glass boule (spheroid) of significant size, a 
zero gravity field must be used. Because of astronaut motions, orbital 
eccentricities, location of experiments of the center of gravity of the 
spacecraft, etc. a free floating object will not remain in the exact position 





with respect to the rest of the spacecraft where originally placed. Unless 
all free floating operations can he performed in an extremely short time span, 
it appears likely that some form of position control will have to be employed. 
Such position control can tidce one of two general forms. 

1) The free floating object can be mo'.ed with respect to the vehicle. 

2) The vehicle can be moved with respect to the free floating object 
80 as to maintain the relative position of the object in the 
vehicle. 

Considerable work has been done under NASA spiaisorship on the use of electro- 
magnetic devices for position coritrol. This technique has the further advantage 
that it might be possible to counteract the propulsive effect of such heating 
sources as electrcm beam and laser beams. A small disadvantage of such a 
scheme is that it worics only for electrically conductive materials. In such 
a case molten glass couH be held satisfactorily but the position control 
would be lost on cooling after the material ceased to become electrically 
conductive (at temperatures below the l 8 CX> to llOOC range). Since the coolli?g 
rates with radiation cooling are extremely high, as ar<» the glass transition 
temperatures, this should not pose r serious problem with experimental sized 
glass spheres in the I/2 - inch to one-inch diameter size class. 

In the case of laser malting, it might prove ivantageous to split the 
beam into three or four beams all converging on the sample from different, equal- 
angled directions. This might accomplish posltlcm control during melting and 
superheating by utilizing the propulsive force advantageously. During cool 5 ng 
the material, of course, would be free to float, unless the beams were left on 
at low power. Since the cooling tim<’S to the glass transition temperature for 
1/2 - inch diameter glass spheres are under four seconds (see next section <wi 
cooling), it would appear that positici\ control during cooJing may not be 
necessary. 
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COOLING 


Cooling is perhaps the easiest part of the process to define at this 
time. Because of the high melting points of the oxides of interest for 
glass making, radiation cooling should permit very high cooling rates, the 
rates "being a function of temperature to the fourth x>ower. In additicxi, since 
temperatures are high, where the radiated energy is largely in the visible 
portion of the spectrum (the samples are white hot) the transixarency of the 
material worfcs to advantage and radiation can occur from within the mass as 
well as from the surface.* Because of radiation conductivity it should be 
possible to achieve very high cooling rates throughout the mass of the glass 
spheroids with very small thermal gradients being present. This same 
phencanenon might enable materials with relatively large expansion coefficients 
to be rapidly cooled without setting up large thermal stresses with possible 
attendant cracking. 

As noted earlier, the cooling time should be a significant factor in the 
evaluation of the type of position control needed especially when preparing 
larger boules in space. In order to obtain a feel for the time scales 
involved cooling rate, cooling rate calculations were performed as follows: 

The model used was: 



* For a discussion of 'radiation conductivity" in glass, the reader is 

referred to "Glass engineering Handbook" by E. B. Shand, McGraw-Hill, 1958. 
The discussion of radiation conductivity is contained on pages 27-30. 
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where, 

1. Is the melt a-t a temperature, 

2 . is a spherical enclosure with blackened >mllB = 0,9) 

maintained at a temperature (T 2 ) of 200 F. 

The formulas used in the calculations were: 

(I) q . crp^F^A^(T^'‘-T2'‘) 

where, 

q = rate of heat transft^r from (l) to ( 2 ) in FUJ/Hr 

( 7 ' * Stefan-Boltzmann constant ( = 0.173 x lO"^ BTU/ft^ (°R)^.Hr. ) 

Fg = Emissivity factor (Eq.Il) 

Fq = Configuration Factor (=l) 

Aj = Surface area of (l) in ft^ 

= Temperature of (l) in 
T 2 = Temperature of (2) in °R 

(II) F. = _1 

1 + 1-1 

where, 

= Emissivity of surface 1. 

^2 * Qnlssivity of surface 2. 

(III) At » 3600 (AT) CM 

<1 

where. 

At = time Increment in sec. 

AT = Increment of temperature drop in ®R 
^ a specific heat in BTU/lb. 

M a mass in lbs. 

q a heat transfer rate (frcai l) in Biu/hr. 


1 
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Assumed materxal property values are listed in the followinp table 
and in Table II-l of Appendix II. 



AI ^03 

HfOg 

Approximate Melting Point, 

2050 

2897 

0 

Superheat Temperature, C 

2250 

3097 

Density, Ibs/ft^ 

222 

eoh 

Specific Heat, Blu/lb-^F 

0.31 

0.12 

Estimated linissivity at 
Melting Point 

0.5 

0.5 


Using equation I, q values were computed for (T^^) temperatures from 1CXX)R 
to 7000R in 500 ® increments. A curve of q vs. T was plotted. Values of 
q for subsequent calculations were read from the q vs . T plot. 

Using equation III, cooling time Increments were calculated for ^00°R 
temperature increments from the preheat temperature to well below the 
estimated glass transition temperature (Tg) for each oxide. The ''ooling 
time increments were cumulated and the cooling curves so obtained were 
plotted in Figure 17- 

Coo^ times to the glass transition temperature, where it is assumed 
tliat t. glass will be sufficiently rigid to be handled: and to 6 OCXJ, safely 

below the melting point of an aluminum handling fixture, are obtained from 
Figure 17 as follows: 
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TIh!2, BEC. 




Material 


Approximate Cooling Time, Sec., to: 



Tg 

600c 

Kf02 

1.2 

20 

AI2O2 

2.6 

17 

AI2O3 + 20 w/o SlOo 


IT 

La203 

1.4 

12 

Ta 20 ^ 103/ 0 CaO 

3.0 

15.6 

^ 2*^5 -5 v/o CaO 

3.6 

11 


These calculations are approximations and do not account for the following: 

a) Emittances for the higher temperature materials at temperati '^s 
near their melting points have not generally been measur-ed. 

b) Emittance and specific heat are not constant O '-er the temperature 
range of interest. 

It is probable, however that the above and other uncerta .ntities should not 
cause the calculated results to be in error by more than about + 50 ^* 

It should also be noted that the calculations assume radiant heat 
transfer only. Errors introduced by neglecting other modes of heat transfer 
at the higher temperatures sho>ild be trivial. At the lower temperatures, 
where the bulk of the time is consumed, the more significant errors 1ntro<iijced 
by failing to consider conduction and convection should give calculated 
cooling rates lower than will be actur.lly ex|)erlenced unless the surrounding 
atmosphere is a vacuum. Therefore the calculated results may be considered 
conservative. 

It should be stressed that the rates calculated, within the limits of the 
errors considered above, repre.<='ent the maximum rates achievable in containerless 
melting space experiments. In the case of glass experiments it will generally 
be desirable to utilize the maximum rate of cooling possible. The cooling 



rates can be reduced, if necessary, by "bucking" with power dui'lng the cooling 
cycle. If induction or the multiple laser beam concept is used for heating, 
the application of power should also result in a restorative force tending to 
prevent drifting of the melt. 

There is a simple method for calculating cooling times for diameters 
other than one-hall Inch. Since the mass o^ the melt Is a function of the 
cube of the diameter and the surface area a function of the square of the 
diameter, changing the diameter by a given factor should change the cooling 
time by the same factor. For example, doub.'lng the dl.* meter of the melt 
should result In a doubling of the cooling time. 

Because the cooling curves approach the temperature of the chamber 
asymptotically, the simplest way of reducing the time for cooling is to 
raise the temperature at which the sample is mechanically grabbed. Tt Is 
apparent from the curves of Figure 11 that the differences In melting points 
have only a small effect on the cooling time because all of the cooling rates 
are extremely rapid at the higher temperatures. 



’’CONVENTIONAL" G T- ASSES IN ZERO GRAVITY 

Dr. E. Deeg of the American Optical Coip* was contacted to determine 
a fraitful area of research for employing zero gravity to improve the 
quality of large pieces of optical glasses presently prepared with limited 
success under terrestrial conditions. Two classes of glasses subject to 
micro-phase separation and d>_ ^trification under one G conditions, presumably 
caused by the density difference between the micro-phase and the parent glass 
have been identified. Specific compositions representing extreme cases 
suggested by Dr. Deeg are given in Table V. One class of such glasses is the 
fluor-crown and phospho-fluor- crown glasses, compositions A, B, E, and F of 
Table V. Another class is high titania content glasses, compositions C and 
D of Table V. 

Consideration has been given to preparing such glasses using the laser 
melting and free-fall cooling technique employed for the unique glasses. 

It has been concluded that the chances cf 51. ccessfully preparing such canplex 
glasses by starting with mixed oxide rods and laser melting appear poor. Two 
considerations appear to counter- indie ate siJich a technique. 

1) The compositions are quite cciiplex there being a minimum of 
five constituents and a maximum of ten It is felt that there 
would be considerable difficulty ootaining homogeneous glasses 
using such techniques. 

2) The melting and boiling points of some of the major constituents 
are quite low. This could lead to significant cemposition shifts 
during melting, where the low-boiling constituent would be vaporized 



before It could be put into solution. Particularly troublesome in 
this repard are the oxides, l>±20, Na20, K2O and possibly 

the fluorides, AIF^ and the acid fluoride KHF2, the latter subject to 
decomposition at a low temperature. 

A better way of handling: such glasses would be to prepare them by 
conventional terrestrial melting techniques in the form of rods. Depending 
on their size, these rods might be remelted using the laser free-fall 
technique or, alternatively, the ends of the rods could be torch-melted and 
the drops so formed allowed to free-fall cool. Viscosity and reboillng of 
such glasses might present serious problems, especially in spin-melting. Tf 
such turns out to be the case, it might prove more advantageous to postpone 
further experimental work for actual flight experiments. 
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Table V 



Batch Coi- 

■■'ositions 

for Zero 

G Melting Experiments 

F 

A 

3 

C 

D 

E 

P205 

- 

- 

- 

- 

0.7 

64.3 

SiC>2 

52.0 

U8 . 3 

57 . 0 

ii 0.5 

69.0 

8.0 

Ti02 

- 

- 

20.0 

16.' 

5.0 

- 

^ 2^3 

18.3 

13.5 

^.5 

^.5 

- 

3.5 

Al 20 ^ 

T .8 

- 

- 

2.0 

18.0 

14.8 

AS2O3 

0.2 

0.3 

0.5 

- 

0.7 

0.6 

Sb203 

- 

- 

- 

4.0 

- 

- 

MgO 

- 

- 

- 

- 

2.5 

0.1 

CaO 

- 

- 

- 

- 

- 

4.9 

BaO 

- 

- 

- 

- 

- 

- 

ZnO 

- 

- 

- 

- 

0.5 

- 

PbO 

- 

- 

- 

12.5 

- 

- 

Li 20 

- 


- 

- 

2.6 

- 

N820 

- 

- 

9.0 

0.5 

0.7 

- 

K2O 

T .3 


9.0 

8.0 

0.1 

- 

AIF^ 

- 

5. A 

- 

m 

- 

- 

KHFg 

Ik.k 

32.5 

- 

12.0 

- 

0.8 

Fe (metal) 

- 

- 

- 

- 

- 

1.5 

Sugar 

- 

- 

- 

- 

- 

1.5 


All compositions are in percent 
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RJTURE WORK PLAN 


As a part of the contract requirements, a study has been made of the future 
work required leading to the ultimate production of glasses, both new and 
"conventional" in space. Accordingly, a master plan has been developed tying in 
the needed steps with the latest NASA scheduling for Shuttle Sortie Missions and 
Space Station Missions. The discussion which follows is divid'^d into two major 
sections: l) The Master Plan and 2) Work Recommended During NASA FY 73, 

beginning in calendar July, 1972. The numbers in parentheses following each 
subsection correspond to the numbering system of the Master Plan Schedule 
(Figure l8), 

MASTER PLAN 

The Master Plan is shown in Figure 18. For purposes of convenience and 
logical development, there are two major subdivisions - 1. Development Work 
Leading to the Production of Optical Glasses for Use in the Visible Spectrum, 
and II. Development Work Leading to the Production of Glasses for Applications 
Other than in the Visible Spectrum. The first would include such applications 
as lenses, windows, etc., all for the visible portion of the spectrum. The second 
subdivision, for example, would include such items as high temperature glasses 
and glasses for better transmission in the ultraviolet and the infrared portions 
of the spectrum. Specific possibilities include the following: 

(a) New Superconductors of High Critical Transition Temperatures . 

Amorphous superconductors like Pb, Bi, etc. in thin film forms 
have higher critical temperatures than corresponding bulk crystals. 
Liquid-quenched glassy superconductors have not been made. Space 
melting opens up possibilities of bulk samples of new glassy 
superconductors of high critical transition temperatures. 
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(b) New Hard Glasses 


There are at least two important implications, fi) Hani^ness 
plus high refractive index gives potential "gem stone" quality 

glass. 

(il) Hardness means scratch resistance, in turn means high strength. 
Recent work done at UCLA indicates that if crystallization is 
suppressed, many glasses can be made with very high hardness values. 
Some such glasses contain BeO. 

(c) New Glass Ceramics 

Controlled crystallization of glass can yield transparent ceramics. 
Materials such as titanates and niobates, if prepared in transparent 
state, have important application possibilities in electro- optical 
devices. Such systems are not readily formed in a glassy state.. 
Space formation of such glasses and subsequent controlled 
crystallization can therefore yield valuable electronic materi.als. 

For further examples, the reader is referred to Appendix I. 

The scheduled dates shown for the Post Sky lab, Shuttle Sortie, and Space 
Station missions were obtained from NASA HQ MP 71-^611 as revised on I/25/72. 
The scheduling shown in Figure I8 was obtained by working backwards from these 
dates, assigning reasonable times for each step. 

It is apparent from the Master Plan Schedule that most of the woik 
needing to be d<»ie in NASA FY 73 falls into the areas of the Pre-Expa riaent 
Definition Studies (TA) and the Sounding Rocket Experiments (TH). In the event 




“igure 18A. Master Plan Schedule -- I, Optical Glasses for the Visible Spectrum . 







a Post Skylab mission is decided firmly by NASA and a glass experiment is 
indicated, then, of course, work leading to meaningful glass experiments for 
the Post Skylab should also be begun in FY 73- These latter events are s>'Own 
dashed in the Master Plan Schedule because of the uncertainty at this time 
of those particular missions occuring. 

A preliminary study has been performed of the feasibility of including meaning- 
ful glass experiments in the sounding rocket program. The conclusion of this study 
is that it indeed appears feasible using a resistance heating method of melting 
the oxide compositions. It is outside the scope of the present discussion to go 
into detail on this |)articular concept. However, a separate briefing is being pre- 
pared at this writing and will be presented to NASA-MSFC in the near future. This 
briefing will show how the resistance heating approach might be used for sounding 
rocket experiments and outlines development work needed to transform the concept, into 
an operational reality. It is felt at this time that new glass spheres in the l/2-inch 
diameter class might be successfully produced in the first generation of sounding 
rocket experiments. It also appears to be a distinct possibility ac this time that 
larger sized glass spheroids might be producible in sounding rocket experim , as 
a second generation effort. There is one possibly significant disadvantage ^ -he 
sounding rocket approach as compared with the manned laboratoiy approach, and that 
is that the resistance heating concept does Involve superheating the molten material 
in contact with the crystalline, solid material. This would theoretically 11ml I. 
the number of compositions where one might exp<’ct to obtain glasses. :5uch 
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compositions would probably be limited to those which are better glass formers, the 
advantage of zero gravity production being principally the ability to melt them in 
the absence of a solid container - unobtainable because of the high melting points 
of the substances involved. It should be possible to containerless cool the materials 
in the sounding rocket experiments provided that a suitable method for separating 
the molten from the solid material can worked out. If it cannot, a further re- 
striction is placed on the number of glass forming materials possible. 

Included in the time span alloted for the sounding rocket flight experiments 
in the Master Plan Schedule is pre -experiment sample preparation, i.e.,, the pre- 
"J paration of the ceramic rods that will be melted in the flight experiments, de- 

bugging flights, and glass spheroid preparation flights. 

It is felt that most of the activities shown in Figure ].7 are essentially 
either self-explanatory or their execution is sufficiently far into the future as 
to not require further explanations at this time. There are pertinent comments 
that should be made at this time regeording post-flight evaluations. 

Post Flight Evaluations (IB5. IC3, ID6 ) 

The study by the Ferkin-Elmer Corporation (see Appendix I) has delineated 
important properties or characteristics that might be measured or evaluated cs part 
of the post-flight evaluation phases of items IB5, IC 3, and ID6. 

The larger sizes (i.e., hopefully l/2-inch diameter or greater) of the spheroids 
obtainable during the sounding rocket euid manned missions permits tne precision 
measiirements of the index of refraction, n, and the Abbe number, This is important 
since many of the applications for the new space -produced glasses depend on an 
accurate knowledge of the partial dispersion, P. In order to obtain a meaningful P 
value, index of refraction measurements accurate to at least six digits to the right 
of the decimal are needed at several wavelength of light. A l/2-lnch diameter peraits 
the cutting and figuring of suitable prisms whose index at various wave lengths can 
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be measured using a precision refra; ometer available at the Perkln-Elmer Corp- 
oration. This refractometer is a duplicate of a similar one constructed by the 
National Bureau of Standards. 

In addition, the larger sizes of the spheroids obtainable during the flight 
missions permits the accurate determination of transmission characteristics, thermal 
expansion coefficient, modulus of elasticity, thermal stability (dn/dT and dPf/dT), 
figuring characteristics and abrasion resistance. The quality of glass produced in 
terms of residual strain, striae, and other qualities can also be assessed. 

WORK RECOMMENDED DURING NASA FY 73 

In accordance with the Master Plan Schedule, there are three major areas of work 
required during NASA FY 73: (l) Continuation of pre- experiment definition studies, 

(2) Beginning of pre -experiment studies for sounding rocket experiments, and, later 
in the year, beginning of experiment package design and construction; and (3) 

Beginning of pre-engineering equifanent studies and equipment design and engineering 
for Post Sky lab missions. 

Pre-Experiment Definition Studies (lA) 

Flight Equipment Definition (lAl). It is recommended that the flight experiment 
definition studies (lAla) leading to equipment for the manned laboratories not be 
continued in the present form during FY 73. Such studies leading to equipment for 
the Shuttle Sortie Missions can logically be delayed until mid-FY 7^, based on 
present Shuttle Sortie schedules. More specific work should be begun for the 
sounding rocket shots and will be discussed in a later section as part of the sounding 
rocket experiment program. In the event the Post Skylab program materializes, an 
accelerated program for equipment designed to do a satisfactory Job with glass must be 
begun in FY 73 as a logical part of hat program. In FY "jk preliminary specifications 
(lAlb) should be prepared to guide the development efforts for the Shuttle Sortie 
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missions. These specifications should he prepeired based on Information obtained 
during the FT 72 and 73 experimental programs. 

Staall Spheru3.e Experiments (1A2) . Work begun in FT 72 under the present contract 
should be continued in F7 73* This vork utilizes laser melting a spinning ceramic 
rod and fjree-flall cooling the droplets formed. It is a useful and econcxnlcal 
technique for screening suitable compositions for subsequent, large scale experiments, 
^l^pes of new cooq>08itions that might be investigated include: 

a) New systems not previously tested, such as TlOg-CaO and some of the rare 
earth oxides (lanthanides). 

b) Mixtures of systems ^ose components have given promising results. 

Initial vork should concentrate on binary mixtures vith and without addition agents 
such as Si02 and CaO. Sorc of the binary systems that might be investigated include; 
La202 with AlgO^, CtegO^, HbgO^, TagO^, ^2^3' GdgO^: NbgO^ with AlgO^ 

and QagOjj ^^3 ®®^2®3' ^^3 AlgO^, and QagO^. 

c) Hi^ melting non-oxide substances, such as ZnS (sphalerite), ZnSe, SnTs, 

CdSe, and Fblte. 

The optical properties measurements; i.e., refractive index, ^ emd Abbe 
number, j^, should be continued and should include all the glasses obtained during the > / 
FT 72 (present) program and the new ones obtained during FT 73» 

Samples of the glassy spherules produced should be analyzed to determine com- 
posltlon and to ascertain that the compositions of the ceramic steorting rods were 
not altered during laser melting. 

In the event satisfactory arrangements can be made with an qptlcal glass 
producer to prepare starting rods of selected "conventional" glass compositions 
and to evaluate spherules prepared by NR for micro-phase separation (See earlier 
section of this report on Conventional Glasses) , small spherules will be produced 
by the laser spin casting technique. Becaime of the complexity of these composi- 
tions and the amount of low boiling point constituents , it is felt that they would 
not lend themselves to laser melting of pre-pressed ceramic rods. 
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spheroids, in the l/^+-inch diameter class. The CO2 laser on hand at the Space 
Division has enonigh power to melt and superheat a sufficiently large sized pool on 
the end. of a rod. The starting rod could be mounted vertically and rotated slowly, 
and the laser beam could be directed horizontally. Initial experiments might 
entail melting large drops from rods of selected compositions which formed good 
yields of glass spherules in the screening experiments and allowing them to drop a 
short distance (approximately seven feet) into water. 

Those corapositicns which yielded glasses in the Initial, short-free-fall tests 
could be retested in a 100 foot drop tower available at the Space Division. The 
X>ortable 250 watt laser unit, presently being used, could be installed in the top 
of the drop tower at the 80 foot level. An alternative arrangement being considered 
is to beam the unfocused parallel beam through a hoi..- in the roof of the manufacturing 
building where it is now Installed. The beam could be directed by a mirror to the 
top of the drop tower where another system of mirrors would bring it into position 
through the existing focusing optics (moved to the top of the drop tower). 

The properties of the spheroids produced in the drop tower c .lould be measured 
and the chemical compositions of all glasses should be analyzed. 

Application Studies (IA4) Further applications studies are not recommended during 
F5f 73. It is felt that until more data are available from larger spheroids, and 
further studies of the possibilities for producing glasses for applications in 
other than the visible spectrum (item IIAl) are completed, the practical limit of 
what can be gained from applications studies has already been achieved as reported 
in Appendix I. 


Its 
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Sounding Rocket Experiments (IB) 

A general description of the sounding rocket program is given in the previous 
Master Plan section. During FT 73> it is proposed that an accelerated program be 
begun. The initial effort would consist of pre-engincerins studies. If such 
studies prove successf'il, experiment package design and engineering could be begun 
toward the end of the y ar. 

The pre-engineering studies (iBl) would consist largely of experimental 
work to obtain eo^irical information for basing the design and engineering effort. 
Anticipated work in the pre-engineering studies would include: 

a) Selection of Oompositions . Compositions would be selected on the basis 
of glass formation tendencies as established in the Pre-e:q)eriment Definition 
Studies of lA. Further experimental work would be performed to establish the 
effects, if any, of melting i^ an inert a'hnosphere, such as Argon. Additional ex- 
periments would be i>erformed on rods of suitable composition to establish preheating 
temperatures and suitability for resisteuice melting. 

b) Determination of Resistance Heating Parameters. In an extension of the 
above tests on selected compositions, rods would be resistance heated to incipient 
melting and parameters such as electrical resistance, power Inputs vs. teaperature, 
and melting point measured. These data could be estrapolated throu^ the melting 
point and to superheat temperatures about 400C« in excess of the melting point. 

c) Evaluation of Separation Concepts. In order to separate the molten zone 
from the solid ends of the test bars, it will be necessary to ”cut'* the liquid at 
two Planes in the flight experiments. Va r ious approaches for doing this can be 

* Because the resistance heating method involves liquid in contact with 
the crystalline solid, it Is felt that the siqperheat temperature should 
be at least doubled that considered adequate for methods where the molten 
mass is Isolated, as discussed elsewhere in this report. 
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evaluated terrestrially using laser-melted liquid drops on the ends of vertical 
rods. Candidate methods for "cutting" the liquid include gas jets, metallic or 
ceramic "scissors" and electrical vaporization. The amount of side motion Imparted 

hy each method evaluated will also he measured along with comparative estimates of 

% 

cooling effects of the cutting methods. 

d) Preliminary Study of Experiment -Rocket Interface . A non-expertmental 
study of such factors as drift rates of the separated molten spheres, rocket 
attitudes at different portions of the flight, spin rates and affect on sample drift 
during cooling, etc., will he performed. During this study decisions will he reached 
concerning, for example, whether the rocket must he de-spun, whether an attitude 
control system must he used, or the experiment package only despun. This portion 
of the study will also he concerned with battery arrangements euid preliminary 
electrical and timing circuitry to the extent that wel^ts may he estimated. 
Equipment for Post Skylah Missions (IC ) 

In the event that hoth (a) NASA firms a decision on Post Skylah and (h) a 
glass experiment will he included, an accelerated program must he begun to define 
equipment approaches and begin design and engineering. The initial work will 
consist largely of deciding whether to use induction or laser for melting and 
superheating. 
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ABSTRACT 

Tlie Space Division of North American Rockwell Corporation has 

recently proposed a new glass fabrication process which involves produc- 

lA 

ing the glasses in a zero gravity environment. This zero gravity 
melting eliminates the need for a solid container during both the melting 
and cooling phases of glass production. The combination of superheating 
well above the melting temperature and cooling in the absence of most 
normal nucleation sites suggests the possibility of producing glasses from 
normally crystalline materials such as Al20^,Hf02, Zr02, etc. This report ex- 
plores the possible applications suitable for such new glass types. 


lA Happe, R,, Journal of Non-Crystalline Solids, 3, 375-392 (1970) 
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1.0 SUMMARY 

The use of new glasses for optical components and systems requires a 
knowledge of the optical properties over the spectral range for which the 
optic is to be used. Specific applications may be identified as a function 
of index only, provided that the material possesses physical properties 
consistent with the proposed use. For example, the possibility of obtain- 
ing microscopes with increased numerical apertures (i.e. smaller relative 
apertures or f/no.'s) is strengthened by the availability of higher index 
materials. Furthermore, high index fibers for fiber optic systems means 
that the fiber bundles can be curved into tighter circles. Residual field 
curvature for photographic objectives and mapping lenses can also be re- 
duced with high index glasses. 

Other applications require assumptions about desirable index and dis- 
persion properties that could yield improved performance for astronomical 
objectives, reconnaissance lenses, multi-spectral cameras, and other photo- 
graphic systems. For example, photographic astrographic lenses used for 
precise determination of star positions require extremely small chromatic 
distortion of the star images. By obtaining glasses with a greater vat.< et/ 
of index and reciprocal dispersion, optical designers will be able to achieve 
more highly corrected forms of these lenses. 

There are other applications which require improvement of properties 
other than n and 2/. In many window systems as well as in monochromators 
and spectrometers, it is desirable to obtain components with improved trans- 
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mission characteristics, especially in the U-V and I-R regions. For ex- 
ample, there are currently no glasses which transmit light in the spectral 
region around 1000^, and highly dispersive lead glasses exhibit absorption 
bands in the near U,V. 

As a result of these many requiremencs , it is therefore felt that 
increased effort to the fabrication of these new glasses be expended so 
that the relevant opto-mechanicrl properties may be measured directly. In 
this way, accurate data will be available to use as input for ray tracing 
and design optimization routines as refinements for explicit lens forms 
are sought to achieve improved performance. 
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2.0 IN TRODUCTION 

The newly proposed method for manufacturing glass which is currently 
under investigation by North American Rockwell (NR/SD) derives its appear 
essentially from the two following points: first, it may allow glasses to 

be made from materials not previously attainable in the glass state; second- 
ly, these glasses will be of ultra-pure content, probably remaining as pure 
as the raw materials used to produce them. The first attribute suggests 
that materials exhibiting a new variety of optical, mechanical, and thermal 
properties may become available for use in optical imaging systems. The 
second suggests that materials of improved transmission performance may 
also be available for such systems. Purity control is also desirable in 
several systems which employ glass for reasons other than its, imaging 
characteristics . 

Applications based primarily upon the avails^ ..^.y of glasses with 
new index and dispersion properties are best explained in terms of the 
techniques and limitations of optical design and will be explained in the 
latter part of this report. 

In addition to a glass type's index and dispersion characteristics, 
factors such as its transmission, homogeneity, and scatter characteristics 
as well as its thermal stability (of index, size, and shape), environmental 
susceptibility, and manufacturing compatibility are all considered during 
the process of selecting the most desirable glass for a given application. 
There exist situations, especially if a glass is to be used as a modulator 
or laser rod, or as an optical component in J.V. or I.R. transmitting sys- 
tems. where its desirability is more dependent on these factors than on 

3 
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index related ones. Since, in any case, the desirability of a glass type 
exhibiting unusual index behavior could only be enhanced by the additional 
improvement of these other characteristics, it seems appropriate to discuss 
these factors first. An overall summary of existing limitations will be 
supplemented by descriptions of the advantages and disadvantages of current- 
ly existing materials in order to provide the best idea of the type of im- 
provements which would be most beneficial. The materials discussed will 
be classified according to their region of applicability such as in U.V., 
I.R., or visible transmitting systems or non-imaging devices. 

3.0 MATERIALS 

3.1 General Limitations 

The limited transmission range achievable with existing op- 
tically useful materials remains an unsolved problem in the develop- 
ment of U.V. and I.R. transmitting systems,^ The vacuum U.V. extends 
at least down to 584X (strong helium line) before one encounters an 
overlap with soft x-rays and hard U.V. rays. Absorption bands, pri- 
marily due to electron transitions, occur in all available materials 
well before this cut off. A plot of the ultraviolet transmission for 
a number of crystal materials is shown in Figure I , and that for some 
of the available Schott glasses is shown in Figured. It is apparent 
that the crystalline fluorides and oxides transmit the farthest. 
Lithium fluoride, LiF, exhibits the longest U.V. transmission, but 
at I 2 I 5 X (Lyman oc) it is dov;n to 507,. The available glasses transmit 
only in the near U.V. just before the atmospheric absorption band 
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UV TRANSMISSION OF VARIOUS MATERIALS 
(Thickness 5Tnin) 

FIGURE 1. 





UV TRANSMISSION OF SCHOTT OPTICAL CLASSES 
(Thickness 5nun) 

FIGURE 2. 
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and even the performance of these is impaired by the presence of 
trace impurities. The presence of impurities such as lead, iron, 
cerium, and titanium can affect the transmission differently depend- 
ing on whether the melt was performed in a reducing or oxidizing 
atmosphere. Thus currently, space oriented V.U.V. and X.U;V. instruments 
require all reflecting components from at least 1215X down. This 
would suggest the existence of potential applications for new glasses 
of improved transmission in this region. 

The selection of materials with transmission suitable for use in 
the Infrared region is similarly limitedl Glasses, of course, would 
be more desirable than crystals because of their isotropic nature 
and lack of directional properties associated with some crystal struc- 
tures, but crystal materials to date exhibit more desirable trans- 
mission characteristics. Most of the oxide based glasses have long 
v;avelength cutoffs in the 2 to 3 micron range imposed by vibration 
absorptional effects. In addition, absorption bands due to impurities 
of water and OH radicals are usually apparent. Attempts to develop 
oxide glasses of higher purity led to glasses of lower index. Thus 
use of these glasses requires components of greater thickness (and 
therefore, increased absorption and weight) and more severe curva- 
tures (and consequently worse imaging performance), both undesirable 
siae effects as explained later. Other non-oxide glasses have been 
developed which exhibit cutoffs in the 12 to 19 micron region, but 
they arc characterized by other undesirable material properties as 
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outlined in the examples below. The same is true of the ionic crystals 
and polycrystalline materials which exhibit superior I.R. trans- 
mission characteristics. 

In addition to limitations on the transmission performance of 
available materials, limitations related to materials' thermal stabil- 
ity, environmental susceptibility and manufacturing compatibility 
impose the most severe remaining problems. 

Whenever an optical system is subject to strong thermal shock 
(such as projection condensers) or required to maintain extreme 
stability in the presence of temperature variations (such as labora- 
tory instruments or system windows), factors such as variations of 
expansion (oC) and index (dn/dT) with temperature become of primary 
importance in the selection of component glasses. A common figure 
of merit used for comparing materials is the quantity P = dn/dT +(^((n-l). 
In these terms, materials exhibiting low P values are most de- 
sirable but not currently available. Fused silica is the only glass 
with a low expansion coefficient, ^ , which is also of sufficient 
homogeneity to use in imaging systems, but its change, of index with 
temperature is undesirably large. Obviously an increased variety of 
acceptable glass types would be appealing. 

Focal plane surfaces, film tracks, and eye pieces subject to con- 
stant cleaning, as well as windows and bubble chambers, are some of 
the types of applications which require materials with a good resis- 
tance to either mechanical or chemical abrasion or radiation. For 
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other applications soft or hygroscopic glass may be coated or used 
in a protective environment, but it is always desirable to be able 
to avoid the need for such measures. 

Finally of general importance, is the ease of workability of the 
glass. It would be desirable to use present manufacturing techniques 
to figure any new glasses. Many crystalline materials presently used 
in monochromators and spectraneters , although exhibiting good trans> 
mission characteristics, are hard to figure because they respond 
differently to polishing in various directions. Other materials such 
as sapphire, will be difficult and time consuming to figure because 
of their extreme hardness. It should be confirmed that current 
techniques such as grinding and polishing procedures may be used with 
the new glasses without inducing "crystallization. 

3.2 Specific Properties 

Some current materials used for U.V. Transmitting Systems Include 
the following:^ 

1, Lithium Fluoride - As mentioned before, this crystalline material 

transmits well from about ^ to 120oR. However, the trans- 
mission toward the 120oX end is Impaired because of the exis- 
tence of impurities. It is currently used to make prisms, 
windows, and lenses for use in the vacuum U.V. 

2. Calcium Fluoride - The existence of impurities in crystalline 

material of. this type causes it to fluoresce in the U.V. (If 
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pure, this material would be useful in U.V. microscopes which 
require a high N.A., thus even small quantities would be use- 
ful.) Its present uses are similar to those of LiF. 

3. Magnesium Fluoride - This material is a relatively good U.V. 

transmitter. It would be desirable in glass form since prob- 
lems exist due to its crystalline nature. However, the glass 
form is useful only if extreme purity can be preserved. 

4. Fused Silica - This is one of the current materials potentially 

suitable for use in the ultraviolet region. It is available 
as crystal quartz or fused silica glass. Weak traces of im- 
purities such as iron, lead, titanium, and cerium, however, 
reduce the U.V. transmission of this material. Moreover pure 
fused silica glass is isotropic. When it contains slight 
impurities, however, it becomes anisotropic. Since it is 
commonly used as a field lens in spectrometers where the 
incident light is generally polarized, its anistropic nature 
rotates the polarization and consequently induces erroneous 
changes in output readings. 

In summary, it is first apparent that if only existing materials could 
be processed by the proposed NR/SD method, they would be desirable 
because of their improved transmission characteristics. Secondly, 
existing crystals are generally hygroscopic and difficult to work, 
and even if not hampered by impurities, do not transmit well over the 

9 
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Numerical Aperture. 
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entire U.V. range. Thus, the development of completely new glasses 
might be desirable either in order to obtain glasses with improved 
physical characteristics, or to obtain glasses with extended trans- 
mission ranges in the vacuum U.V. or, ideally, to achieve both. 
Further applications of materials with improved U.V, transmission and 
high index might also be found in fiber optics for these short wave 
regions. The relevant properties required of the materials for this 
application are discussed later. 

Some materials available for use in the I.R. are described below: ^ 
Common Oxide-based Glasses (Si02,B20^,P20^) 

Most of these glasses have good visible transmission but very 
limited usefulness in the I.R. Typical long wavelength cut offs 
are in the 2 to 3 micron range. Due to impurities of water and 
OH radicals, these glasses have absorption bands at 2.9 - 3.2 
microns . 

Infrasil and Suprasil (registered trademarks of Amersil, Inc.) 

These are high purity fused silica glasses. This high purity 
e.g., less than five parts per million of water or OH allows a 
high transmission through the visible spectrum and out to 3.5 
microns. If used in thin sections, i.e. lOmm thickness, ab- 
sorption at 2.7 microns is considered negligible, whereas when 
used in thicker sections of 30-100 mm transmission is seriously 
affected. Because of their low refractive index (1.^ at 2,5 
microns) larger thicknesses and severe curvatures are required 
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to achieve a given correction. 

Heavy Ion Oxide-based Glasses (Aluminate, gallate, telluride glasses) 
It has been found that the addition of glass formers having large 
ions and weaker interatomic bands tends to extend the I.R. cut- 
off to longer wavelengths. The transmission range of these 
glasses, defined as the 507» level (i.e, equal transmission and 
absorption), is approximately ,35 to 5.5 microns for thin (0.080 
inch) sections. 

Monoxide Glasses-Chalcogenide Glasses (Sulphide, selenide, telluride, 

arsenide glasses) 

The transmission of these glasses typically extends from the 
visible (As^S^) 'r near I.R. (selenides) out to the 12 or 19 
micron region. Some of these chalcogenide glasses unfortunately 
are soft, have low melting temperatures, and are subject to cold 
flow. They are characterized by very low absorption coefficients 
and thermal conductivities, high expansion coefficients and re- 
fractive indices, 

Ionic Crystals CaF 2 ,KBr,KCl 

Most of these crystals have good transmission and mechanical 
strength but poor (low) refractive indices and (high) thermal 
expansion coefficients. Many are hygroscopic, and as such show 
poor durability and transmission characteristics with the passage 
of time in humid environments. As a class they have good trans- 
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mission in the visible through mid-I.R. regions. They are, however, 
subject to cold flow, and have poor durability and isotropy. 

Hot Pressed Polycrystalline Materials (from Eastman Kodak, and IRG 

materials from Schott) 

These generally show poor homogeneity and high scatter due to the 
existence of residual internal pores and grain boundaries between 
crystals. This renders them inappropriate for critical I.R, appli- 
cations. In addition, preferred crystallographic orientation is 
common and results in directional variations in selected optical 
properties, 

Semiconductive-Materials (Silicon and Germanium) 

These semiconductive materials are both crystalline solids and 
are available as single crystals and polycrystals. Polycrystal- 
line forms of up to approximately 20 inches in diameter are made 
by crystal growth processes (the Gzochralski and Bridgemann 
crystall growth methods). The high index of these materials 
results in improved performance of imaging designs. It might be 
convenient to have them in glass form to avoid some of the above 
mentioned problems of crystals and polycrystals. 

In summary it can be seen that most previous attempts to produce 
materials for use at long wavelengths have resulted in materials 
which were inferior in other aspects such as index, scatter, homo- 
geneity, or durability. Many of these are also crystalline forms 
whose anisotropic nature and directional properties are not desirable. 
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The semiconductor materials silicon and germanium seem to be quite 
desirable .because of their high refractive indices and good trans- 
mission properties. Further advantages might be gained if they could 
be obtained in the glass form. 

The various types of glasses currently available for use in the visible 
region are well known. It should suffice at this point to note that 
there presently exist borate, and phosphate glasses as well as glasses 
containing fluorines and fluorides which exhibit desirable trans- 
mission in this region. These glasses are characterized also by 
desirable partial dispersion variations such as those described in 
later discussions. Borate and phosphate glasses, however, are too 
unstable to use and the fluorine based ones, although useable, are 
soft, fragile, and readily susceptible to weathering. These serve as 
prime examples supporting the statement that a glass type's desir- 
ability is dependent on more than simply its index characteristics. 

Finally there remain a few miscellaneous applications for glass 
materials as described below which may benefit from the NR/SD pro- 
cess because of its potential for providing glasses of improved purity. 


4.0 NON-IMAGING APPLICATIONS 
4.1 High Power Lasers 

Recent advances in high power lasers have identified physical 
characteristics of optical components which might not ordinarily be 
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considered for the same spectral region using coiiventional sources. 

The problem is particularly acute for CO^ applications; to quote, 

"There are no presently available materials which have acceptable 

physical properties for aircraft applications at 10.6^m at the 

3 

power levels and window sizes of interest." Since this particular 
application is for monochromatic radiation, dispersion is not im- 
portant, however, the author has identified that low indices of re- 
fraction are desirable. Furthermore, very low absorption at 10. 
is mandatory. Since the materials which transmit in this region 
include metals and insulators, the absorption can take place as a 
result of different physical phenomena. Specifically, absorption 
can result from free carriers, i.e. electrons and holes, the lattice 
structure of crystals, imperfections and inelastic scattering. Since 
the absorption coefficient is proportional to the electrical conduc- 
tivity and the strength of the E field squared, metals and high con- 
ductivity semiconductors are not suitable. However, insulators and 
low conductivity semiconductors are applicable since there are not 
enough free carriers in these materials. 

Lattice a’^sorption occurs when the transverse field causes the 
positive and negative ions in the crystal to move in directions 
opposite and perpendicular to the direction of propagation. What 
happens is that energy is transferred from tlie electromagnetic wave, 
to the crystal thereby causing it to heat up. If the NR/SD technique 
for melting crystals to form glasses could be applied Sierc, then 
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effectively the lattice structure would be upset and perhaps the ab- 
sorption phenomena could be circumvented. Absorption due to imper- 
fections and impurities could also be reduced with the proposed 
methods. Discussion of this point and the effect of these impurities 
in other regions of the spectrum are discussed in subsequent sections . 

4.2 Glass Lasers 

The use of glasses and crystals for host materials in 1.06^m 

laser applications has been summarized recently by a number of authors.^ 

3 + 

Some of the ions which have been made to lase in glass include Nd , 

3+ 3+ 3+ 5 

Yb ,Er , and Mo . Of the crystalline hosts, yttrium aluminum 
garnet (YAG) is the best commercially available material. Others in- 
clude the rare earth oxides and a number of fluorides. The advantage 
to use of crystals over glasses is their higher thermal conductivity 
and narrower fluorescence linewidth. The major disadvantages are 
d ing inhomogeneity and anisotropy. 

Glasses on the other hand can be doped more homogeneously but 
they have broader fluorescence Iraes and lower thermal conductivities. 

As a result, thermally induced birefringence and distortion occur 
when they are used at high powers and pulse rates. Although the 
ordered structure of crystals would be upset when transformed to a 
glass thereby lowering the conductivity, the possibility exists that 
a glass with higher conductivity than is currently available might be 
produced with the N^/SD techniques. Crystals currently possessing 
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very high conductivities would therefore be likely candidates for 
glass laser host materials. 

4.3 Coating Materials 

Refractory Oxide materials are potentially some of the most 
useful coating materials available. They are almost without exception, 
capable of producing the hard, durable chemically resistant films 
that are required to meet stringent military environmental specifi- 
cations. 

The materials cover a wide range of refractive Indices from 
the low of 1.46 for Si02 through the higher values of 2.15 for ZrO„ 
and 2.6 for the rutile form of TiO^. The materials that are particu- 
larly valuable are the medium index materials Al^O^, MgO, HfO^ which 
are useful in the design of durable broad band AR coatings. 

In practice many of the materials arc difficult to evaporate. 
Extremely high temperatures produced by electron beam sources are 
required for their evaporation. At these high temperatures there is 
a strong tendency for the oxides to decompose into metals and sub- 
oxides, producing films with excessive absorption. The chance of 
decomposition in the materials is invariably stronger if the materials 
are not in the most pure foim. 

The behavior of the materials in electron beam sources in some 
cases can be erratic. MgAl20^ in its natural. Spinel, form is subject 
to decrepitation and explosions due to inclusions and faults in the 
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crystal particles. This leads to very highly scattering films and 
films which may contain embedded particles of substantial size. This 
is unfortunate as MgAl 20 ^ some useful properties particularly in 
that it forms films with low internal stress and forms hard films 
without the need for high substrate temperature during deposition. 

We have recently performed experiments with the evaporation 
of G.E. "Yttralox" material. This material is a mixture of Yttrium 
Oxide and Thorium Oxide (Approx, 9:1) in glassy form, Beha/ior in 
the electron beam gun was excellent and the films formed were essen- 
tially absorption free. The same materials as powdered chemicals are 
difficult to manage and are prone to decompose and give absorbing 
films . 

Should other refractory oxide materials become available in 
glassy form, it would be interesting to explore their use- as coating 
materials and compare them with existing forms. The results of these 
experiments could be of extreme value to manufacturers and designers 
of multilayer thin film devices. 

4.4 Other Applications 

Other more recent applications would be in the use of crystal 
modulators^ Lith' urn Niobate) . Intermctallic oxides have been 

developed for use with laser radiation as modulators or functional 
simulators. Their performance depends on their purity. In addition, 
semiconductor alloys (e.g. Galliur Arsenide) are currently being 
used as optical components for the I.R, such as laser windows and 
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active elementp. If their purity content could be controlled (not 
necessarily eljtninated) say by controlling the purity of the raw 
materials only, one could achieve desired optical effects. 


5.C IMAGING APPLICATIONS 

It seems possible that the NR/SD techniques may offer new methods for 
fabricating optics with more of the desirable properties outlined in the 
previous discussions. In any event, the initial data supplied for the can* 
didate glasses indicates that the new glasses will at least be character- 
ized by new I'jj* combinations. Thus, the potential applications which 
may stem from the availability of glasses with new index and dispersion 
properties will be discussed in the remainder of the report. 

A review of Kingslake’s ' description of basic optical design tech- 
niques suggests that the provision of new glasses which exhibit combinations 
of refractive index and dispersion appreciably different from those on the 
present diagram may be expected to have a desirable impact on current 

optical designs. However, the exact nature of all anticipated improvements 
and simplifications which might result from their use may be difficult to 
completely specify. He defines the designer's "degrees of freedom" as those 
elements in the structure of a lens which are available for change as a 
design is optimized. Included among the basic "degrees of freedom" are the 
radii of curvature of the surfaces, the thicknesses and air spaces, and the 
refractive indices and dispersive powers of the component glasses. In 
addition, there arc some secondary "degrees of freedom" based on either 
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clever use of the interface between two cemented surfaces or the use of 

symmetry, in particular. Kings lake describes the following uses of inter- 

faces : 

1. *^e curvature of a "buried surface" or a surface which separates 

cwo media of equal index but differing dispersions may be used 

to correct chromatic aberration without affecting other correc- 
tions , 

2. An interface separating two media of equal dispersion and very 
nearly equal index may be used to obtain non-proportionate 
changes in ray deviation with incidence height. 

3. An interface of weak curvature which separates two media of equal 
dispersion but widely varying index may be used to obtain a pro- 
portionate change in ray deviation with incidence light. 

The desirability of an increased variety of index and dispersion combinations 
ic thus readily apparent. The specific advantages of the increased "degree 
of freedom" may not become distinctly defined until, through experience, 
the designer has had an opportunity to see how the new characteristics will 
interface with currently available ones. 

5.1 Partial Dispersion. Characteristics - n and ly 

One of the obvious areas which might capitalize upon the in- 
creased variety of index and dispersion combinations is the improve- 
ment or simplification of systems where achromatization and correction 
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of secondary spectrum is a necessity. 

High N.A. systems such as microscope objectives and low light 
level lenses, as well as long focal length lenses, such as recon- 
naissance systems and astronomical systems are particularly plagued 
by problems of secondary spectrum^ since the magnitude of this aber- 
ration increases with focal length and N.A. 

In the past the designers inability to control the effects of 
secondary spectrum in refractive designs made it necessary to use 

g 

alternative reflective or catadioptric systems. Refractive systems 
are really more desirable, however, because of their smaller size and 
lighter weight. In general, they are also easier to package, can be 
readily folded and can incorporate an iris diaphragm and sliutter if 
required. Thus with the recent introduction of improvements in the 
control of secondary spectrum refractive systems have become ircreas- 
ingly favored over reflective or catadioptric ones. 

The basic problem associated with these systems stems again 
from the discussion of the designer's basic techniques.^ Since the 
designer is attempting to obtain a system of fixed focal length (and 
usually of fixed scale as well) any change in one "degree of freedom"^ 
such as is necessitated to go from color correction for two wavelengths 
to color correction at three or more wavelengths^ must be offset by 
some other change in order to maintain the constant focal length 
desired. When glasses currently suitable for correction of secondary 
spectrum are introduced in the system, required compensations impair 

I 

the achievable degree of monochromatic and color correction. 
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As is well known, if the primary axial color of a system is 
corrected, the numerical value of the secondary spectrum may be de- 
termined from a relation of the form 

C = where S = Magnitude of Secondary Spec- 

trum 

V. = Dispersion value of D light 
for the ith glass type 


and 


P. = 
1 


/ (nF-nc> 


For a system corrected for C,F light this latter expression represents 

the D-F partial dispersion ratio of the ith glass type. Attempts to 

minimize this quantity result in the selection of glass types other 

than those customarily used in systems where secondary spectrum is 

9 

not detrimental. Although one would like to choose glass pairs for 
which (^Pj^-P^) is very Siaall and AV (=Vj^-V 2 > is very large, most 
existing glasses which exhibit similar P values also exhibit similar 
V values (maximum /^VC?13). In addition, they are generally of 
relatively low refractive index. When such glasses are used in place 
of conventional ones which are inappropriate for the correction of 
secondary spectrum, the design will necessarily contain components 
of increased individual powers (in order to maintain the specified 
focal length) which results in inferior monochromatic performance 
and increased chromatic variation of aberrations. Many of these side 
effects such as spherochromatism, zonal spherical aberration, and 
coma can be reduced at the expense of added complexity by selection 
of the proper lens form or adaptation or the use of aspherics. 
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It would see.i apparent that if secordary spectrum could be 
corrected by using glass pairs of the desired small ^P, large 
characteristics, which were also of medium or high index, the design 
and use of complicated forms to counteract the side effects currently 
associated with the correction of secondary spectrum may not be neces- 
sary. For example, Schott Optical Glass Corporation recently intro- 
duced a new medium index crown glass called LgSK-2 which exhibits 
much greater departure from standard partial d^^^^ersion values. When 
considered in a design for an apochromat, element powers were reduced 
307, from previous designs.^ Figures 3a, and 3b exhibit some n vs ‘w' 
curves for various glass types including this new glass. Table 1 
compares various partial dispersion ratios for some of the same glass 
types . 

Another final example of the types of partial dispersion charac- 
teristics which might be desirable may be derived from Bystricky's 
work in 1968.^^’^^ At that time he theoretically investigated the 
potential improvement of a specific fast multi-element photographic 
objective (a design of Bystricky) that could be achieved through the 
use of new glasses which exhibit unusual partial dispersion charac- 
teristics. A summary of his approach is included as Appendix II. 

In his discussions he considered glasses which lie within the inter- 
mediate range of and t/’j combinations rather than extreme glass 
types. By computing the resultant energy distribution in the image 
plane as he varied the partial dispersion characteristics of only the 
glasses used for two separate components, he was able to determine two 
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FIGURE 3a. 


COMPARISON OF DISPERSION CURVES FOR A VARIETY OF SCHOTT GLASSES 


INDEX 

GLASS TYPES REPRESENTED INCLUDE; FLUOR CROWN, SPECIAL SHORT FLINT, 
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FIGURE 3b. 
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TABLE 1. . . 

COMPARISON OF RELATIVE PARTIAL DISPERSIONS FOR VARIOUS SCHOTT GLASS TYPES 



A P 


- P4 ) 

rip - 

) 

Glass Type 




AP 

AP . 

AP, 

d,C 

Lg SK2 

Abll 

1.015 

.5534 

.4614 

.2383 

.3003 

FK-50 

.444 

1.044 

.538 

.456 

.239 

.305 

PKl 

.437 

.984 

.531 

.452 

.239 

.309 

BKl 

.4441 

.992 

.5373 

.4548 

.2385 

.3067 

BaLKl 

.4514 

1.002 

.5437 

.4573 

.2385 

.3042 

K3 

.4526 

1.002 

.5443 

.4576 

.2383 

.3041 

ZKl 

.4541 

1.004 

.5456 

.4579 

.2384 

.3037 

Bakl 

.4552 

1.007 

.5470 

.4587 

.2383 

.3030 

SKI 

.4564 

1.007 

.5479 

.4589 

.2384 

.3027 

KFl 

.4710 

1.019 

.5576 

.4615 

.2380 

.3005 

BaLKl 

.4712 

1.021 

.5585 

.4622 

.2379 

.2999 

SSKl 

.4625 

1.012 

.5522 

.4602 

.2382 

.2016 

LaK3 

.4597 

1.010 

.5506 

.4599 

.2383 

.3018 

LLFl 

.4821 

1.029 

.5658 

.4641 

.2376 

.2983 

BaF2 

.4740 

1.054 

.5605 

.4629 

.2379 

.2992 

LFl 

.4897 

1.037 

.5714 

.4659 

.2374 

.2967 

FI 

.5080 

1.055 

.5841 

.4697 

.2369 

.2934 

BaSFl 

.5011 

1.048 

.5796 

.4685 

.2371 

.2944 

LaFN2 

.4803 

1.030 

.5654 

.4645 

.2378 

.2977 

LaSKl 

.4683 

1.017 

.5564 

.4616 

.2380 

.3004 

SFl 

.5280 

1.072 

.5980 

.4738 

.2364 

.2898 

TiKl 

.4529 

1.002 

.5441 

.4570 

.2384 

.3046 

TiFl 

.4812 

1.026 

.5632 

.4625 

.2376 

.2999 

KZFl' 

.4692 

1.017 

.5564 

.4612 

.2379 

.3009 

kzfsi 

.4729 

1 .020 

.5581 

.4611 

.2377 

.3012 
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alternate glass types which could be used to slightly improve the 
chromatic image quality. The index values for these hypothetical 
glass types are specified for various waveJengths extending from 
360nm to 760nm in Column -3 of Tables 2 and 3. He further noted that 
the substitution of several glasses each exhibiting less severe 
changes of the same trend could be used to obtain the same effect. 

In prac"tc the desired nature of the partial dispersion vari- 
ations varies from design to design. Although it is possible to de- 
termine the desired variation for any given design by a process 
similar to the one Bystricky useu in 1968, it is time consuming and 
tedious. Thus he suggested that although he is no longer associated 
with the particular design examined in his original report, one might 
first try to develop glasses with index variations similar to those 
derived in that report since they might be useful for other similar 
photographic systems and should provide an indication of the type of 
changes which are presently needed. 

5.2 Specific Forms 

Of the candidate glasses under consideration by NP/SD one 
would thus suggest the desirability of pairing a glass of the Nb^O^- 
La^O^-Ta^O^ region with one oi the Al^O^ - La 202 -Si 02 region since 
they are at opposite ends of the dispersion curve. This however 
would be useful only if a pair of similar P values could be obtained. 
Since, unfortunately, no information is yet available about the various 
partial dispecsion ratios whicli would characterize the candidate 
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TABLE 2. 



iK'DEX VALUES FOll BaF7 

AMD A DESIRED VARIATION 

VAR 5 


Index 

Index 

A Index 


BaF7 

VAR 3 

DaF7 - \ 

1 

2 

3 

4 

360 

1,6439109 

1,6482441 

-433 

380 

1,6374185 

1,6387929 

-137 

AOO 

1,6321024 

1,6322460 

-14 

420 

1,6276770 

1,6274335 

24 

440 

1,6239420 

1,6236928 

25 


- 

— — 

- - -• — - 

460 

1,6207526 

1,6206403 

11 

480 

1,6180015 

1,6180494 

-5 

500 

1,6156075 

1,6157811 

-17 

520 

__ 1,5135076 

^,6137490 

-24 

540 

1,6116526 

1,6118966 

-24 

560 

1,6100033 

1,6101853 

-18 

5 SO 

1,6085281 

1,6083364 

-6 

500 

1,6072014 

1,6070863 

11 

620 

1,6066020 

1,6056639 

34 

640 

1,6049126 

1,6043096 

60 

600 

, 1,6039184. 

1,6030137 

90 

6S0 

. 1,60.30072. 

1,6017683 

124 

700 

1,6021687 

1,6005665 

160 

720 

- -1,6013. »i. 

1,5994029 

199 

740 

1,6006757 

1,5982724 

24C 

700 

1,6000071 

1,5971703 

284 


xlO 

5 





TA-^LE 3 


INDEX VALUES FOR BaK5 AND A 


INDEX BaK5 

1 

2 

Anni 


360 

1,5812819 

380 

l,577065o 

400 

1,5735388 

420 

1,5705518 

440 

1,5679952 

460 

1,5657861 

430 

1,5638613 

500 

l,562i/i3 

520 

1,5606773 

540 

1,5593479 

560 

1,5581531 

580 

1,5570872 

600 

1,5561185 

620 

1,5552377 

640 

1,5544332 

6oO 

1,5535952 

630 

1,5530.153 

700 

1,5523363 

720 

i , ■ L8022 

740 

1,5512578 

760 

1,5507435 


3 



1,5850847 

1,5795119 

1,5751255 

1,5715831 

1,5686622 

1,5662120 

1,5641271 

1,5623312 

1,56076/9 

l,559394^^ 

1,5581774 

1,5570909 

1,5561143 

1,5552307 

1,5564264 

1,5536902 

1,5530125 

1,5523357 

! , 5 51 803 J 

1,5512590 

1,5507435 


-380 

-245 

-159 

-103 

-67 

-43 

-27 



-9 


-2 

0 

0 

1 

1 

1 

0 

0 

0 



0 
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glasses, it is impossible to predict whether or not the candidate 
glasses will have potential for this type of application. It might 
be recommended that determination of the Partial Dispersion ratios 
be completed as soon as possible since the range of applications for 
glasses which might simplify or minimize the problems currently associ- 
ated with the correction of secondary spectrum seems quite extensive. 

If the information can be obtaine<^ presenting it in one of the follow- 
ing forms may give additional information as to the potential useful- 
ness of each of the glass types. 


Form 1 

12 

Recommended by Max Herzberger 


Define 

** 

** 



P 

(n^,-n )/(np-n^) 


and 

* 

•k 



P 

(np-n )/(np-n^) 


where 

** 

n = 

n at ^ = 1.01^ for a given glass 

type 

and 

* 

n = 

n at ^ = ,365^ for a given glass 

type; 


* 

kk 


and. 

Plot P 

VS P for e .ch of the glasses. 



The diagram of some current glass types is shown in Figure 4. 

With these definitions, the achromatic properties of the glas.es 
may be determined as follows; 

1. Two glasses may be used to design an achromat-doublet 
corrected for two colors - if they are far enough apart 
on this plot so the components have reasonable powers. 
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2. Any two glasses lying on a horizontal line may be used to 
design an apochromat corrected toward the violet region. 
Any two glasses lying on a vertical line can be used to 
design an apochromat corrected towards the infrared. 

3. If three lens elements made of different glasses are used 
and the three characteristic points lie on any arbitrary 
straight line, one can design a superachromat (corrected 
for 4 colors) for systems of limited field angles. 

This graph however, gives no clue as to the complexity or quality of 
the design which must be used in each case. 


5.2.2 Form 2: Recommended by Jan Hoogland 

Define 


y = (nj.'-n^)/(n^-l). 


y , = y = ay + b, 
■^normal ■'n 


and 


Q = y-y„. 


where a and b are determined by any chosen boundary conditions. 
Hoogland, for example, recommends that the line pass through points 
corresponding to glass types SK16 and SF2 (Schott) . With these defi- 
nitions a plot of the (x,Q) points for each glass type can be made. 
Such a diagram using some current glass types is shown In Figure 3*. 

A detailed explanation of use of this, diagram Is contained in Appen- 
dix I. The powers of component lenses required to make an apochromat 
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corrected for C*, e, and F' light may then be readily determined with 
the help of the graph. The magnitude of the powers gives an Idea of 
the complexity and quality which can be expected in a lens. 

5.2.3 Form 3: Recommended by Karl Bystricky^^ 

Supply indices at the wavelengths listed below so the data 
may be interpreted in terms of a deviation function defined by iX 
which is related to the Abbe number, V , and partial dispersion, 

P,. by 

= ^’^x'”lV(n2-nj^) 

“ ^x/Cn^-n^)) 

Here B and D are constants for a wavelength >1 * ^ . Index informa- 
tion is required at the following wavelengths in order to determine 

B ,D , and ^ : 

X x’ X 

^ = 360 nm 
480 nm 
^ = 760 nm 
= 587.6 nm 
404.7 nm 
706.5 nm 

Using the deviation function, Bystricky can then apply his system for 
determining the expected indices at intermediate wavelengths and thus 
determine any desired partial dispersion ratio. Appendix II describes 
his approach ..n more detail. 
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5.3 Other Design Considerations - n only 

5.3.1 Aberration Correction with High Index Materials 
Even in systems where correction of secondary spectrum is not 
required, an increased variety of index and dispersion combinations 
would enhance the designer's ability to correct other aberrations. 
Two specific areas which might (in the opinion of KingslakeJ benefit 
include the design of anastigmatic photographic objectives and the 
design of aplanats. 

For a system of separated thin lenses in air each of focal 
length, f, and index, n, the Petzval sum may be defined as follows: 


Petzval Sum = _1 ^ 1 

^ " fn 


when J - effective radius of 
curvature 


KingF.lake states that this may be regarded as an indication of the 
expected residual field curvature which remains in the central field 
of a lens after the astigmatic"’ has been removed. Conversely this 
sum may be taken as an indication of the amount of residual astigma- 
tism which may be expected ifter the meridional field locus has been 
flattened. Thus to achieve a flat field free from astigmatism such 
as is desired in anastigmatic photographic objectives, this sum must 
be minimized. One technique helpful in achieving this is to pair 

7 

high index low dispersive glass with low index high dispersive glass 
Increasing the variety of available glass types will thus increase 
the versatility of this tech» ique. 

In addition, Kingslake discusses the design of aplanats (lenses 
corrected for spherical aberration and ‘tKmi conrlitii«n) using conven- 
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tional crown and flint glasses. There exist several current ways 
to correct these aplanats for one addi-.ional aberration, chromatic 
aberration, one of which uses the ••buried surface^' idea. He further 
suggests that a choice of diiferent glasses (high index low dis- 
persion and lov’ ^ndex high dispersion) would be a more desirable 
approach. Extension of the variety of available index and dispersion 
combinoLions may thus find application here. 

The existence of an increased variety of high index glasses 
irrespective of their dispersion properties may i.» itself be an ad- 
vantage to lens design chiefly because it enables one to use individual 

l3 

components of less severe curvatures. It has been observed that 
image fo:-nning systems designed for use in the I.R. with components 
of high index semiconductor materials such as Germanium and Silicon 
are of appreciably superior quality than comparable glass systems 
primarily because of the weak curvacures which can be used. Unfortu- 
nately losses due no Fresnel reflections at boundaries are consider- 
ably higher as indicated by the following relacion, 

R = reflection coeffi-^ient 

index of media after refraction 
boundary 

N index of media before retraction 
boundary 

Special antireflection coatings are thus necessitated to keep trans- 
mission levels high. 


R = 


- 

1 

(N +N) 
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Zoom lens designs might pcr-ibly benefit from the availability 

of high index glasses since the designer usually aims at maintaining 

constant values of the various aberrations of the zoom portion of 

the system while the focal length is varied and this process is aided 

by the use of relatively weak surfaces and narrow beam diameters.^ 

Other systems which might benefit from the ability to reduce 

the curvature of the component surfaces would be systems such as 

Spectrometers, Monochromators, and Polarizing Microscopes where the 

14 

incident light is polarized. When plane polarized light is incident 
obliquely on a lens surface, the components in the plane of incidence 
and perpendicular to the plane of incidence are transmitted in differ- 
ing degrees. The result is either a change in the plane of polariza- 
tion (for linearly polarized light) or the state of the polari^' =ition 
(for circularly polarized light) across the aperture. This effect is 
currently treated by use of antireflection coatings, but could be 

decreased by reducing the necessary curvatures. 

15 

It has also been recently noticed that the aberrations intro- 
duced by the insertion cf a flat transparent plate into a focused 
beam can be minimized Dy using glass of very high index. This is 
basically because incident rays for a plate of very high refractive 
index will pass through very close to normal. ' Thus all rays tend to 
be nearly parallel and neither tend to focus while in the plate, nor 
develop any aberrations. A table from the reference (Table 4) is 
included which lists the normalized longitudinal spherical aberration 


35 



TABIB 4 


1 






PERKIN-ELMER 


introduced by the insertion of a flat transparent plate into a focused 
beam for various half angles ^ . The asterisks represent the worst 
choice refractive index value for each case. The stepped solid line 
indicates index values for which a flat plate will produce less 
spherical aberration than a flat plate with refractive index of 1.2. 
Many of the candidate glasses indices are above 2.0. It can be seen 
from the Table that plates of such index will yield improved perform- 
ance at half angles greater than 53.1^. Thus many high N.A. 
systems which require windows -light benefit from the availability 
of this high index glass. They might also benefit dry microscope 
objective systems which require the use of a cover glass as discussed 
later. 

The benefits of the use of weaker surfaces are not limited to 
these examples however. One would expect them especially to Influence 
the design of lens of high speed and large size which currently 
necessitate components of high curvature. Since most candidate glasses 
are of high index, they might find such applications if they are stable 
and can be produced in large sizes. 

Another isolated application which could benefit from glasses 

of an increased variety of index might be the universal stage which 

is used with polarizing microscopes to allow rotation of the specimen 

14 

about several axis through its center. This is important for deter- 
mining the optic axes and principal refractive indices of the specimen. 
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The specimen when observed on this stage, is immersed in a layer of 
index matching fluid and located at the center of a pair of glass 
hemispheres also selected to approximate the index of the specimen. 

The basic idea is to keep the refractive effects of the specimen's 
surrounding media independent of rotation so that only specimen 
effects are observed. It would seem that an increased variety of 
reference hemispheres would increase the type of samples which could 
be accurately observer. The application, however, hinges on the de- 
velopment of matching index fluids as well since the present supply 
of high index fluids ic, limited and most exhibit color. 

5.3.2 Variable Index 

If in addition »:o creating glass of different indices it was 
found that the proposed NR/SD process could produce glass of controlled 
index stratification, design techniques might also benefit. 

It has b«o.P determined that the distribution of the index of 
’'efraction of the crystalline lens of a rabbit eye may be described 
by a relation of the following form; 

where 

X lateral axis coordinate 

Y vertical axis coordinate 

Z optical axis coordinate 

n refractive Index at the center 
of the. lens 


n 


n 


2 2 2 2 
A + (X +Y )/B 
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When rays were traced through theoretical models exhibiting the ramc 
distribution, the lens seemed to exhibit decreased spherical aber- 
ration and increased refractive power relative to a uniform, n^, 
index lens of the same shape. In order to minimize spherical aber- 
rations, there is an optimum relationship between n^ and n of the 

16 

crystalline lens. Thus it would seem that any system which benefits 
from reduced curvatures could similarly benefit from components of con- 
trolled ind<»x. 

In addition, the use of graded index cylindrical glass rods 
as low resolution imaging relays has recently been introduced, 

Two distributions, the parabolic and the hyperbolic secant, have 
been suggested as sample distributions. They are described as follows: 

1. parabolic 

n(r) = n^ (1- 1/2 

2, hyperbol'c secant 

n(P) = n sech (>'<(') 

where n = refractive index 


t 


r = 


n = 
a 


o( = 

L = 


distance to optical axis 
index on the optical axis 
2 /T/u 

wavelength along the opLi<. I’^ls of 
the small implit -ie oscillations 
ox the ray path about the optic axis 
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Some graded index rods of the parabolic distribution have been made 

18 

by ion -exchange techniques. The introduction of the use of such 
rods led to an investigation of their imaging quality. The image 
aberrations noted for these relays are a function of the rod radius, 
object radius, and aperture angle. Thus one would expect the ideal 
desired distribution to vary from case to case. No ideal distribution 
has been determined yet which will rrovide good imaging of both 
meridional and skew rays, but analysis of the problem is continuing. 

The production of these rods will require precise control of the 
refractive index profile rather than control of absorption and scatter 
properties as is necessary for wave guides. However, if the imaging 
quality can be rendered comparable to that of a lens relay via compu- 
tation of the proper distribution, the rod i.elay will exhibit advantages 
over the lens relay similar to those outlined in the ensuing discus- 
sion of fiber optic bundles , 

In addition to the usefulness of high index glass toward the 
design of better quality systems there are a few conceivable cases 
including oil immersion microscopes and fiber optic bundles, where 
it may be used to obtain systems of higher numerical aperture. 

In microscope systems the numerical aperture is a measure of 
the resolution as well as the light gathering ability of the objective.^ 
If S represents the smallest resolvable separation and N.A. represents 
the numerical aperture then^ 

S = ^/2 N.A. 

4 n 
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Thus it ’vould appear that an increase in N.A. would be a desirable 
objective due to the associated increase in resolution. The cover 
glass which protects and holds the specimen is an inherent part of 
the microscope system. The development of the oil immersior. micro- 
scope grew from the fact that by covering this glass slide with index 
matching fluid one could increase the effective useful cone of light 
emerging from the object, by eliminating refraction at the air glass 
interface above the glass cover. Since the N.A. may be defined as 
the product of the index, n, of the media in which the object lies, 
times the sine of the half angle, Uq , which defines the limiting 
useful cone of light entering the objective, 

N.A. = n sin 

the numerical aperture of the oil immersion objective ^'s thus higher 
than its counterpart dry objective. Currently covers and fluids of 
index 1.5 are used and the practical limit of achievable L^is about 
71°. Such a combination exhibits a numerical aperture of 1.40. It 
would seem to follow that if both cover glasses and immersion fluids 
could be obtained with higher index values, the achievable N.A. and 
thus resolu ion could be increased still more. As was previously 
mentioned, howe-v__, useful high index fluids are not currently avail- 
able. 

The numerical aperture of a straight fiber optic bundle of 

core material of index, n , and cladding material of index, n , is 

1 ^ 
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defined by the following relation : 

2 2 ~ 

N.A. ~ 

provided that the diameter is much greater than a wavelength. Hms 
the development of high index glasses for use as core material or 
low index glasses for use as^ cladding material might enable the 
formation of fiber optic bundles of increased numerical aperture. 

It has also been determined that a greater variation in index between 
the core and sheath materials increases the degree of bending or 
tapering of a fiber which may be tolerated without detrimental trans- 


mission losses. 

Although the field of Fiber Optics has developed greatly in 
recent years j its full potential may not yet be fully achieved. Vflien 
used as a straight rod for transmission of light, the /fiber optic 
bundle may be superior to an alternative lens system for the following 


19 


reasons : 


I 


1, The system has the capability of achieyii. ; a 90° 

acceptance angle. / 

t ' ^ 

2. The cladding material necessary to prevent "frustrated 

\ ; i . 

total internal reflection" also &exmis as; a protective 

I 

shield for the bundle. Thus bundles ijay be clamped, 
potted in resin, or lubricated without detrimental 
eifccti^ and mounting considerations, thus;, are consider 
ably easier. ' 



! 
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3. Since only the ends of the bundle need positioning, 
rather than several component el:iments, the alignment 
of a bundle is easier than that of a lens relay. 

4. Transmission losses from a straight line light guide 
result from the packing function, Fresnel losses at the 
end faces, and absorption within the glass. In general, 
if compared to a four or more element lens relay (un- 
coated) which suffers Fresnel losses at each surface, 
the fiber optic bundle will yield better transmission 
although the spectral distribution of the incident 
light may not be preserved. 

5. Since the component fibers of a bundle may be arranged 
in any desired configuration, the bundle ends may be of 
differing shape but equal cross sections; thus they may 
easily be used to either essentially change the shape 
of an illuminating aperture, or convert a single il- 
luminating source into several effective ones. 

Applications, which capitalise on these five properties, 
already exist for straight line fibers and it would seem that the 
range of applications would be extended if only transmission per- 
formance could be maintained for curved or tapered fibers. 
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For example, there currently exists a need for high N.A. fiber systems 
capable of withstanding extreme tapers or bendings called "twisters** 
to be used in conjunction with image intensifier systems to obtain 
an erect image. It has been empirically determined that a new glass 
of index 2.2 or higher with a transmission loss in the visible of 
less than 2 db/meter could be used in conjunction wit’ '•xisting clad- 
ding glasses to obtain a bundle capable cf maintaining desired trans- 
mission characteristics while twisted 180° over about a 2" length. 

Many of the candidate glasses exhibit index values over 2,2. 
However, their applicability coward use as fiber optic core material 
is dependent on many other factors as well. The material, for example, 
must show extremely low scatter and low absorption over the desired 
spectral range. Often, when used with C.R.T. devices, the glass 
must be ccwapatible with that of the envelope of the C.R.T. in order 
to be useful. More importantly, however, it must be capable of with- 
standing the multiple reheating cycles involved in the present manu- 
facture of fiber bundles without losing its glass properties. During 
these reheating cycles the cote material is in contact with the clad- 
ding material. Because of these drawbacks it is premature to determine 
whether any of the candidate glasses would be useful in fiber optic 
applications or not. 

6.0 COXCLUSTON 

As identified previously, many applications exist where knowledge of n 
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: • 


at a single wavelength is all that suffices. For applications where optical 
design effort is required, it is mandatory that n be determined at m ny 
wavelengths in the region of interest to a precision comparable to current 
measurements of +5 x 10 From a practical point of view the physical 
as well as the optical properties should be known so that materials can 
find broader applications, particularly in hostile environments. 

A logical development from the wot^: already achieved would be the 
production of small samples in the 12-25mm diameter size range under *0* 
g conditions. It Is conceivable that this could be acc<xnpllshed with an 
Aerobee payload. Sac^les of the size Indicated could then be fabricated 
into plane parallel test specimens for the measurement of homogeneity, 
expansion coefficient, etc. In addition, prisms could be fabricated r.o 
that precise index measurements could be made. These experiments would 
establish two necessary conditions for subsequent work. First, they would 
demonstrate the feasibility of container less melting for the production of 
glass much larger than with the current laser melting experiments. Second, 
the optical data could be used by the designers for computing specific 
improvements in standard lens forms such as in an astronomical objective 
or transfer lenses. Furthermore, the physical properties would allow assess- 
ment of the applicability of the material for use under different environ- 
mental conditions. 
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APPENDIX I 


This discussion describes the specific use of the chart proposed by Hoogland. 

The chart. Figure I-l, characterizes the various glass types by their (X,Q) 
point where 

)f= rV"«1e*)Ane~') ; |/ ~ ' '^e . 

(5$ \ ‘ifv ^ o o oooxsd 

These indices are those of a particular glass type at the indicated wavelengths* 

If two thin lenses are used in contact to form a third composite lifsns, the 

0 

composite hypothetical lens may be thought of as being characterized by an (X,Q) 
point also \diere the indices in question are the effective indices of the com- 
posite lens* The following derivation explains the relation between the distances 
between these three points as measured from the chart and the ratio of the powers 
of the two component lenses. The following notation is adopted: 

^cj represents the power of a lens of the ith glass type at the jth wavelength. 


represents the index of a lens of the ith glass type at the jth wavelength < 

Rjj represents the quantity (Cj^ - C2> of the lens formed from the 1th glass 
type. Cj^, c^, represent the curvatures of the two lens surfaces. 

As an example, (| 53^ represents the power of a lens of type 53 at the e line 
and represents the power of an artificial glass at the same line. The 

artificial glass could be selected from one of potential NR/SD candidates. 
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Thus for a triplet, the elements would have powers given- by: 



(f - 
^//e 
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1 ■; 
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= ^?^fe 
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One can relate the powers of the component elements to their 'x* values 
as follows; 

/• 


/ 

^S3C. 

•^4/ee 


I ”j»*e ■ I J 

I ^Afie I J 

^ j n^j^, ) ~ o ^ . j 

1 f +^y/e7 - (!IO£iI^3c0^?rje f 

Var C<5?«e ^ ^//ej - y., + X.. C?,. 


** ^ 






vWe 

-w ^ 




Finally 


£^/, - Xar] /f 

, it Is apparent from Figure 1-2 that -* 


>/c 


(Rah — ( ^ll~ ) /'f 

/('x^^ 'Vj) 


thus. 






//e 



Since che distances may be easily measured » this ratio is easier to use than 
that of the different X values. 


In further es;.planation, if a conhination is tc be an apochromat corrected for 
e, pf c^ light, its focal lengths must be eaual at these wavelengths* If its 
power is represented by then 


7^ 


. ^rc • " ( ^rc' 


Thus for (pr^^ <PrP» ^ ^ '^rP' "" '’rc^ 

where these indices represent the effective index of the combination.'- 

f 

Thus, the hypothetical (X,Q> point fcr the apochromat must be (o,7n) -since 


-A 


The following excerpt from Reference 3 is enclosed to demonstrate the calculation 
of the individual powers for one apochromat design* •- 


"The powers required for an apochromat consisting of, for exang>le, the glasses 
PSK 53, SF 11, and KzFS 5 are determined as follows; 

I 

The distances c, f, g, and h are measured (fig • X~i) • Then the ratios j and k are 
computed : 


" - - 1.26 
g 


j s ~ « 4.36 K 

c 

First, an artificial glass cons5.stlng of PSK 53 and SF 11 is formed at point A, 


the respective powers being 0 


* art 


^ 53 ’ ^11 ' 


f 



Then the artificial glass is ccmbined with KzFS 5 to form an achromatic com- 


bination at point (0,553) and the tal power is taken as unity: 




= 1 . 


The combination is apochromatic because the components have the same F value. 

For a short formulation of the end result, one defines r = 1 •" 

j + Id- jk -kl 

It follows that 


^53 “ 3-95, » kr = 0.91; 

= (j+l)r = -3.85." 


0.72 











APPENDIX II 


Eystricky has shown how a new system c.aa V developed which allows specification 
of the refractive index of any glass type at any given wavelength if given prior 

knowledge of four (or) five proper constants. His approach essentially involves a 

20 


refinement of Geffcken s dispersion fonsula. 

0^-/ - (/-Cx )(<0,~l) f 0x 

where represents the refractive index of the glass at 


represents the refractive index of the glass at 


represents the refractive index of the glass at 






represent universal constants which are dependent on^y 
on 



is defined as the deviation function which describes the 
non linear variation of Px for any glass type. 


After dividing through by n^ - n^.^the partial dispersion value P becomes 

} - Gj, - Oy (u * - i)( 

«here ^ _ {%->)/( J 

Since for certain "normal glasses" the variation of P with is linear and the 

•SC 

deviation function is zero, erltniates of B and D may be made from the following 
relation = Py (Ref. 1) - P^ (Ref. 2) •= (Ref. 2) - (Ref. 2} 

where. Ref. 1 represents the seJected normal reference glass type tflj and Ref, 2 


represents the selected norasal refsrenice gloss type #2. . 



These calculations w5.11 be valid if the index values and n 2 of the 

reference glass types can be accurately determined. Bys tricky recommends the 
use of Schott Glass Types F2 and K7, the selection of the basic wavelength 
pair =* 5S7.6nm and X^ = 404. 7nm or X^ ® 5S7.6nm and X 2 “ 106.5nin, and the 
use of Schott's dispersion for the most accurate determination of these constants. 

(Schott's Dispersion Jormula is as follows: 

where the are stated constants which are different for every glass). ^ 

+ 4. -t- A;^ V* + A 3 ^ Av V*” f Aj- 

Secondly, he hypothesx 2 .«^ that there exists a bounded wavelength region over which 
the variation of the deviation function appears linear for all glass types when 
plotted against some properly distorted wavelength scriie. The slope describing 
the variation for any given glass type may be determined from known values of 
the deviation function for that glass type (and thus knowledge of the refract Iv 
indices of the glass) at the be* ndary wavelengths as long as the nature of zhe dis- 
torted scale is known. He determined that for 200 of the 238 Schott glasses In 
existence at that time, one distorted scale, derived from the distorted scales 
which best describe glass types SF7, SF18, SFll, and SF58, was sufficient to 
describe their deviation functions over the wavelength region extending from 
360 :»b to 760na, to within an accuracy of 1 x 10 In Order to deacrlbe the de- 
viation functions for the other 38 glass types to the desired accuracy, it Is 
necessary to subdivide the region into two smaller reglois extending from 360na 
to 480n; and 480nm to 760nm and determine a representative distorted scale for each 
region. To use the scale to determiue -intermediate values of the deviation function 
for a givtm glass type values at the bouuUc ry wavelengths of each region must be 
g Lvoii . 
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Thus knowledge of the refractive indices of a glass type at two (or three) 
wavelengths plus knowledge of the distorted scale, are required to determine 
the deviation function of a glass at any other wavelength. In addition, the 
refractive indices at the basic wavelengths used to calculate B and D must be 

X X 

in order to calculate the remaining terms of the equation. He thus concludes 
that knowledge of the proper five index values for a given glass type as wall 
as knowledge of the distorted scale is sufficient Information to allow the 
determination of intermediate index values. 

Since -11 .on "normal" glasses can then be characterized by their deviation 
function 5, one can hypothesize the behavior of a new glass by defining a new 
6. Table 1 lists the index values as a function of wavelength for an existing 
glass type, BaF7 (Column 1), the index values for a glass type designated VARS 
based on BaF7 but derived assuming a different deviation function, (Column 2) and 
tiie difference in the 5^ decimal place between the twe values (Column 3) . Tablo 
2 lists the same data for existing glass type BaKS and hypothetical glasrt type 
VARll. Figure II-l depicts the data of Column 3 graphically. 

Finally the intensity distribution observed in several image planes for the stan- 
dard rase photographic projection objective #103 (Figure 11-2) which h^s tne 
tourch element made of BaF7 glass and the second of BaKS glass i« compared with 
that, observed for the variation of this design which subacitutas VARS and VARll 
for tho!iC glasses. 

One is able to distinguish Improvements in the chromatic ItMga quality of tho 
varied, system over that of the standard system. It should also be recognized 
that the same type of effect can be accomplished by small variations of the de- 
viation functions of several lenses as by greater changes in only a few lenses. 


SS 



On the other hanrt, the use of a few lenses exhibiting great changes may Jr 

enable the elimination of one element from the design. It can thus be con- 
cluded that glasses showing partial dispersion characteristics similar to these 
hypothetical variations may be useful to the optical designer. 
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FIGURE II-l 


INDEX VARIATIONS OF VAR 5 AND VAR 11 FROM THEIR/ 


BASE GLASSES BaF 7 AND BaK 5. 
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FIGURE U-2 


PHOTOGHAFHIC OBJECTIVE CONSIDERED IN COMPUTATIONS 
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TAiJLE II-l 

INDEX VALUES FOR BaF7 AND A DESIRE. VARIATION VAR 5 



Index 

Index 

A Index 

xlO 


BaF7 

VAR 5 

BaF7 - 

VAR 5 

•* 

1 

2 

3 

4 


360 

1,6439109 

1,6482441 

-433 


380 

1,6374185 

1.6337929 

-137 


400 

__ 1,6 321024 

1.6322460 

-14 

1 

1 

i 

1 

1 

1 

430 

1,6276770 

1,6274335 

24 

440 

1,6239420 

1,6236928 

25 

I 

1 

460 

1,6207526 

1,6206403 

11 

1 

f 

480 

1,6180015 

1,6180494 

-5 

i 

1)00 

1,6156075 

1,6157811 

-17 

1 

520 

1,6135076 

1,6137490 

-24 

; 

340 

1,6116526 

1,6118966 

-24 

r 

340 

1,6100033 

1,6101853 

-18 

. 

380 

1,6085281 

1,6083864 

-6 

\ 

\ 

* t 

600 

1,6072014 

1,6070863 

11 

1 

1 

» 

020 

1,6066020 

1,6056639 

34 

I 

OVJ 

1,6049126 

1,6043096 

60 

i 

i, 

u60 

1,6039184 

1,6030137 

90 

1 

6S0 

. 1,6030072 

1,6017683 

124 

i 

1 

700 

1,6021687 

1,6005665 

160 

i 

720 

1,6013941 

1,5994029 

199 


740 

1,6006757 

1,5982724 

240 


760 

1,6000071 

1,5971703 

284 







TABLE I 1-2 




INDEX VALUES FOR BaK5 AND A DESIRED VARIATION VAR 11 


T a/av Index 5 

Index BaK5 vSR®fl BaK5 - vAR 11’'^° 


1 

2 

3 

4 

Xnm 




360 

1,5812819 

1,5850847 

-380 

380 

1,5770653 

1,5795119 

-245 

400 

1,5735388 

1,5751255 

-159 

420 

1,5705518 

1,5715831 

-103 

440 

1,5679952 

1,5686622 

-67 

460 

1,5657861 

1,5662120 

-43 

480 

1,5638613 

1,5641271 

-27 

500 

1,5621713 

1,5623312 

-16 

520 

1,5606773 

1,5607679 

-9 

540 

1,5593479 

1,5593944 

-5 

560 

1,5581581 

1,5581774 

-2 

580 

1,5570872 

1,5570909 

0 

600 

1,5561185 

1,5561143 

0 

620 

1,5552377 

1,5552307 

1 

640 

1,5544332 

1,5564264 

1 

660 

1,5536952 

1,5536902 

1 

680 

1,5530153 

1,55301 25 

0 

700 

1,5523863 

1,5523857 

0 

720 

1,5518022 

1,5518031 

0 

740 

1,5512578 

1,5512590 

0 

760 

1,5507485 

1,5507485 

0 
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GLOSSAKY 


1. Refractiva Index, 

The refractive index of a material may be defined as the ratio of 
light velocity in a vacuum to the light velocity in the material, 
and is commonly denoted by the letter n. Since the refractive 
index is a function of wavelength, its denotation commonly includes 
a subscript i which designates the associated wavelength. Often 
this subscript is a letter which represents a spect’*um line of 
known wavelength and thus specifies the wavelength only in an in- 
direct sense. Some subscripts connnonly used in this manner are 
listed below: 


g 


F 


d 

.0 

C 


A - 435.84 nm 
A = 479.94 nm 
A = 486.13 nm 
A = 546.07 nm 
A = 587.50 nm 
A = 589.29 nm 
A - 043. S5 nm 
A = 656.27 nm 
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2 . D ispersion 

The variation in index with wavelength is called dispersion. It 
is often denoted as An = n^^^^ ^2 are the wave- 
lengths for which the dispersion is given. 


3. Relative Dispersion 

Relative partial dispersion expresses the "spread*' of two wave- 
lengths of light as a fraction of the amount that light of a 
median wavelength m is ben^. It is determined from the quantity 
An/(n„-l). 


4. Reciprocal Relative Dispersion, Abbe Value 

Reciprocal Relative Dispersion represents the inverse of Relative 

Dispersion and is denoted by the symbol v . Wher a n « n - n and 

F C 

n^ « it is commonly called a material's ALbe Value, v 


5. Relative Partial Dispersion 

The relative partial dispersion for the wavelengths x and y is 
commonly given by the equation 


P = (n - n ) / (n -n ) 
x,y X y F C 


6 . 


P , P 




IT 

P is defined as the P^.. ^ relative partial dispersion where y 




represents a wavelength of l.Ol^i. P is defined as the P« 

F.y 

relative partial dispersion where y represents a wavelength of 
.365 U* 
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Mc-.r idio.’al Pi ares 


The plane through ar optical syetcr. coacainiag the optical axis 
and the object point is teTnr.ed the neridional piano for that 
object point. This plane is indicated in Figure G-1 by cross 
hatching frea "northeast” tc "southwest”. Rays in this plana 
are referred to as meridional fays. 


8 . Sagittal Planes 

A plane thrcugli the object point and perpendicular to the meridional 
plane is called the sagittal plane. It is indicated in Figure G-1 
by cross hatching from "northwest" to "southeast", days in this 
plane are referred to as sagittal rays. 

9 . h'ur.erical Aperture, X.A. 

The numerical aperture of a system is defined as the product of 
the value of the refractive index of the medium in which the image 
lies times the sine of the half angle of the cone of illumination. 

It is cc-jnonly denoted by the abbreviation, N.A. 

0 . Optical System Aberrations 

A system is said to exhibit aberrations if, after passing through 
the system, rays originating croir. a point in the object are not 
recombined at a point in the image. 
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11 . L ongitudinal Chro.T.atic Aberration 

Longitudinal Chronatic Aberration refers to the variation of 
focus (or irr.age position) with wavelength. 

12. L ateral Chromatic cNberration 

Lateral Chromatic Aberration refers to the variation cf magni- 
fication with wavelength. 

13 . Achroaxatization 

Achromatizatior. refers to the correction of the Chromatic Aber- 
ration of a system at two wavelengths. 

14. Secondary Spectrum 

Secondary Spectrum refers to the residual chromatic a er rat ion 
exhibited by an achromatic system at wavelengths other than those 
for which the correction was evaluated. 

15. Aoochro-mat 

An apocT-'ror.at refers to a system which is corrected for Chromatic 
Aberration at three wavelengths. 

1 j . Spherical Aberration 

Spherical Avbcrrntion is defined as the variation of focus with 
aperture. Rays passing through the system close to the optical 
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axis are imaged at a different point than those which pass through 
the system at a greater distance from the optical axis, 

17. Zonal Spherical Aberration 

Zonal Spherical Aberration refers to the residual spherical aber- 
ration exhibited by a system \Alch has been corrected for spherical 
aberration at selected zones, 

L8. Spherochrotaatism 

Spherochroaatim refers Co the variation of spherical aberration 
with wavelength, 

15 . Com 

Coma refers to an optical aberration which may be described as a 
variation of magnification with aperture. Rays passing through 
the margin of a lens exhibit a different magnification than central 
rays. 

20, Aspheric Surface 

An aspheric surface represents a nonspherical surface which exhibits 
rotational symmetry about the lens axis. To the designer, each 
term in the polynomial, which describes the departure of an asphere 
from the closest fitting sphere, is an additional degree of freedom 
available for the correction of aberrations. Conic sections such 
as parabolas, ellipses, and hyperbolas are commonly used. 
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21, GAMiiA 

r is a figure of merit vhich describes the expected optical path 
variations which would be introduced by a refractive material 
which was subjected to temperature changes. For a material of 
refractive index, n, and thermal expansion coefficient, a > it may 
be computed from the relation 

dn/dt + a(n-l) 


22. Catadioptric System 

A cata "optric optical system is one which utilizes both reflective 
(mirror) and refractive (lens) components. 

23 . Fresnel Losses 

Fresnel Losses refer to the decrease in transmitted energy of a 
system due to reflections at boundaries. For light normally in- 
cident on the boundary which separates two media of indices n and 
n^ respectively, the fraction of incident light which is refracted 
is given by the following relation - 

R = (.n'^ - / (n^. + n)^ 


X.U.V, is an abbreviation used to denote the Extreme Ultraviolet 
region of the Electromagnetic Spectrum which is generally taken as 
extending below 6QoX, 
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i-5. V.U.V. 

V.U.V. is an abbreviation used to denote the vacuua ultraviolet 
region of the Electromagnetic Spectrum which is generally taken 
as extending from 1650S to the X.U.V. 

26. IRG 

IRG is a code name prefix used to designate several infrared 
transmitting materials currently manufactured by Schott, 

27. M 

AR is an abbreviation used to denote antircflection coatings. 

They are commonly used to reduce fresnel losses at lens surfaces. 


23. C.R.T. 


^.R.T. is an abbreviation used to denote a cath.ode ray tub':. 
These are commonly used to convert electrical sigrsals to optical 
displays. 
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INDUCTION MELTING POWER RBQUIEMENT CALCULATIONS 
By maJcing certain assiaaptions anc* by deeming some factors as insignificant, the 
power requirements to induction heat 0.5 inch diameter spheres of four materials 
(90^ CaO; NbgO^ - 15^ CaO^ 80^ AlgO^ - 205& Si02; and 100^ I^gO^) 

to 200 C above their melting point, from a preheat temperature of 2000F, can be 
calculated. Table IX-1 lists the assua 5 >tions aiid gives the results of these 
calculations both with and without the lise of a reflector. Table II-2 shows a 
sample calculation for one material and the equations used to arrive at the results. 
The power requirements for the preheating to 2000F are not included in these results, 
but can be considered to be small in comparison to that required, largely to overcome 
radiation losses, at the hi^er temperatures. The calculations must be recognized 
as approximations for the following reasons: 

(1) Heat loss by conduction and corvection are not included. This loss 

is dependent upon the thermal conductivity of the atmosphere, velocity 
of the atmosphere, and a relative size factor. However, these losses 
may be considered trivial. 

(2) The exact melting point and emissivity at elevated temperatures has 
not been measured and are given as best estimates. 

(3) The emissivity and specific heat are not constant over the temperature 
range of interest. 

(^) Tixe values for specimen size, the efficienty of the reflector, the total 
time to heat, the surrounding ten^xerature, the coil efficiency end the 
power supply efficienty, are assumed values based on reasoimible conditions. 
It is difficult to estimate an error of calculations for these results. One might 
take the "worst" condition for each of the variables and recalculate the power 



requirements. Realistically, however, it is not probable that all variables will 


reach this extreme. Some variables may even have more favorable vali’es and some “ 
can be controlled in the experiment. What the results do show, as they are pre- 
sented, is the magnitude of the power requirements for induction heating of these 
candidate materials; that they ere not Inconceivable for an experiment of this type 
and are as a matter of fact, well within reasonable expectations; and what factors 
do effect the requirements and should be investigated further if greater accuracy 
of the calculations is required. 
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Table 11-1 Calculated Pover RequlrementB to Induction Heat 0.3-Inch Spheres 
of Fou r Materials to 200C above their Melting Point 


Conditions < 

v/o 

10 w/o CaO 

Material 
85 w/o NbpO - 
15 w/o CaO ^ 

80 w/o AlpO - 
20 w/o SlOg^ 

100 w/o 

Approximate Melting point ( ^c) 


x5^0 

1920 

2210 

Superheat Temperature (®tJ) 

2075 

IT^vO 

2120 

2410 

Density (ibs/ft^) 

5^^5 

2r8 

220 

409 

Specific heat (of pire oxide) 

0.11 

O.IT 

0.3 

.11 

(BTU/lb^) 





Heat of fusion (BTU/lb.) 

131-1 

92.5 

82.6 

128.0 

Heat of transformation 

No trans. 

No trans. 

No trans. 

No trans. 

Sst. Snissivity at MP 

-5 

.5 

-5 

.5 

Total time to heat (hr) 

.25 

.25 

.25 

.25 

Surrounding ten^) (®K) 

500 

500 

50c 

500 

Coil efficiency (assumed) 

.2 

.2 

.2 

.2 

Power supply efficiency (assumed) 

.6 

.6 

.6 

.6 

Calculations 


— - 



t^ (hr) 

.10 

,08 

.03 

.08 

(hr) 

.18 

.17 

.22 

.17 

(watts ) 

15.8 

7.2 

12.8 

14.2 

(watts) 

ks6 

235 

>>T3 

Tl»5 

(watts) 

1808 

970 

19*^3 

3038 

Pj. (1CX3^) 

2260 

1212 

2429 

3797 

Results (including power su^ly efC) 




Pj (without reflector) (KV) 

3-8 

2.0 

4.0 

6.3 

Prp (with reflector of eft) (KW) 1.1 

.b 

1.1 

— 


■ — - ^ ^ - . - - ■ ■ . — , — ^ I 

NOTES: (1} Heat loea by conduction & convection are not included because it should be sig 


f leant for these high temperature materials* 

(2) The calculations are for induction heating only, from the preheat ten^rature 
2000F to 200C above the melting point. Preheat power requireiaents are not 

included. 
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1>able II -2 Sample Calculation for Induction Melting of 

Basic AssumptloiiB 

1. Size: 0,50 inch diameter 

2. Melting point: 1920^0 (3l+88^F) 

3 . Max. Temp.; 2120^0 ( 38 »+ 8 ‘'f) iT2j 239^ 

U. Preheat Temp.; 2000® F 

5 . Specific heat: 0.3 BT0/lb®F (of pure oxide) (c] 

6 . Iteat of fusion; ^5*9 cal/gram ( 83.6 BTU/lb) 

7 . Thermal emissivity (e St.); 0.5 [e] 

8 . Density; 3-5^ gm/cc (220 Ib/ft^) M = O.OO 83 lbs. 

9 . Total time to heat; .25 hr L^tI 

10. Surrounding temp.: 500 K [ T J 

11. Coil efficiency: 0.2 

Other Definitions 

M = mass, lbs 

T = temperature rise, *F 

Hjf = heat of fusion, BTU/lb. 

t^ = time to achieve temperature rise, hr. 

tf> = time to expend heat of fusion, hr. 

tfp = total time to heat, hr. 

= effective emissivity 
(>1 = emissivity of the melt 

C 2 = emissivity of a spherical, specular reft ctor surrounding the spherical melt 

P = Req. power to be supplied to the load = M /TC + He\, watts 

^ sTini \ t? 
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Other Definitions (Cont'd) 

Power lo!!6 in the coil = (P^ + Pg) ( ^ 


-l); watts 


= Total power = P^ + P^ + P^j 


watts 


A = Surface area of the work, cm*^ 

Assume that heat input is done at a constant rate of BTU's so that total time 

(t^) consists of e ratio of: 

t<ji = tj. + t^ where tj. = t^ / H-p 1 

' TC + / 


t = 
c 


t J f Sc \ 

' TC + Hf. ' 


Calculations 


I. + t^ 


or tc = tj - Tp 


-f = f % 1 

^ Tc ^ % / 




82.6 




tf = .25 ( .128) « .032 hr. 


* .25 - .03 = .22 hr. 


M / TC + Hf \ 

” 3.te V tg t ^ J 

0.0083 ( 1848 X .3 + 82.6 ) 

37C12 .22 .03 ^ 


* 12.8 watts 


= 5»T AE 


= 5.7 X 5.06 X .5 


= 473.0 watts 


If-Sa - /-Si— f ] 

(\ 1000 / \ 1000 / X 

36 X .5 (/i^f - /L52^)‘‘] 
[ 1 1000 / liooo / J 
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Calculations (Cont’d) 


P, - (P^ + ?2) l) 

= (13 + ^ 13 - 0 ) ( L. “ 1) 

0*2 


- 19*; 3 vatts 

Pt = Pi ^ Pg + 

= 13 + ^73 + 19^3 
= 2U29 watts = 2A KW 
II Assume 0.6 induction unit efficiency 
P = 2A = 4 KW 

^ ~s:r 


ITT Assume spherical reflector where 85?^ of radiated power is reflcctes back inro T«it 

P = 13 watts (from above) 

1 , 

= 5.7 AB I ( Tp_ f - /.Tj \‘‘ 

[ \ 1000 / ' 1000 / , 

where E = 1 (■_ = iM ssivity of melt 

i/ ;r V "i/fi "i ^ 

^2 = Bnissivity of reflector 


K = 1 = .13 

1/.5 + 1/.15 - 1 


5.7 X 5.06 X .13 

r 

/ 2393 

- 

/ 500 

= 123 watts 


1 1000 


1 1000 / 

4 



p = (p + Pg) / 1 - 1) 

'eff 

= 13 + 123 / - 1 ) = 5411- watts 

V0.2 


= 13 + 123 + 544 = 680 watts 

and at .6 power efficiency 

680 = IT 33 watts or 1.1 kilowatts 

0 % 
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